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ABSTRACT
Successﬁrl migration for Neotropical migratory birds depends on an abundance of
stopover habitat for resting and reﬁreling between nightly migration ﬂights. The goal of
the research reported in this dissertation is to analyze the regional distribution and quality
of stopover habitat best suited to forest migrants: noctumally migrating passerine

songbirds (Class Aves, Order Passeriformes, Suborder Passeres) that require forested
landcover. I test the hypothesis that patch-level measures of forest quality deﬁne the
overall suitability of any stopover, and that forest migrants are able to judge stopover
suitability while still aloft at the end of their nightly ﬂight. In this study, I (1) examine the
geography of patch-level measures of forest habitat integrity; (2) examine how stopover
use by forest passerines during spring migration reﬂects those measures; and (3) model
possible migration pathways across an eastern United States map of present-day stopover
suitability as identiﬁed in steps 1 and 2, using migration models deﬁned by ﬁxed
orientation headings and ﬁxed nightly ﬂight distances.
I began by analyzing landcover data for the southeastern United States at 30 m
resolution and calculating and mapping a variety of integrity measures for patches of
remaining forest. Working with citizen scientists, I then surveyed 128 forest patches
scattered across the Southeast during spring migration 1999 to quantify the relationship
between migrant abundance and the patch-level measures of forest integrity. My results
indicate that forest migrants prefer unfragmented, dense forest areas with relatively open
understories, little coniferous canopy cover, and intact riparian forest habitat; they avoid
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human-altered habitats, particularly stopovers surrounded by agricultural landcover or
within areas of high road density.
Using the survey results, I mapped stopover quality for the eastern United States
as a continuous surface of 3 14 km2 hexagons representing the average condition of
stopovers within each. This mapping allowed me to model migration between hexagons,
simplifying the computational challenge while still keeping a reasonable picture of actual

landscape condition. Results show that migration deﬁned by ﬁxed-orientation, ﬁxeddistance nightly ﬂights between stopovers is reasonable, and still remains somewhat viable
in parts of the eastern United States. Model runs highlight migratory pathways that are
relatively intact, and pathways where human-altered habitats disrupt migration. Longer
nightly ﬂight distances (representing birds in better physical condition) increase the chance
of success, particularly along northeast-bound paths; modeled migrants ﬂying 190-200
kilometers per night are successﬁrl along most routes, but success declines with ﬂight
distance.
Conservation and management require a clear understanding of the regional

distribution of stopover habitat. This dissertation provides an initial geographic analysis
that can serve as a solid framework for the organization of local-scale research and
conservation. If local programs are to succeed in conserving migrant bird populations and
habitats, local goals and priorities must reﬂect the regional needs of migrants across the
length and breadth of migratory pathways.
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CHAPTER ONE
INTRODUCTION AND BACKGROUND
Introduction
Researchers have identiﬁed three distinct life history phases for Neotropical
migratory birds: a breeding phase in North America (deﬁned here as the United States
and Canada; Burke and N01 1998); a wintering phase in Central and South America or

the Caribbean (Rappole et al. 1995); and a migration phase along the migratory route
between wintering and breeding quarters (Moore and Simons 1992). In the past,

conservation and research plans have routinely dismissed migration as a longish journey
between breeding and wintering grounds (Mabey and Watts 2000). Consequently,
research and conservation programs have tended to assume that migrating birds en route
are quite capable of using whatever type or quality of habitat they encounter. This
perspective began to change in the early 1990s as researchers started to focus on habitat
selection and migration biology in stopovers along the migratory route (Moore and
Simons 1992), and the ﬁeld of stopover ecology emerged. Subsequent studies have
reported strong ties between migrant birds and particular cover types during migration;
virtually every landbird species that has been studied during migration exhibits nonrandom
habitat use (Hutto 2000). As Hutto (2000) summarizes, “just because a bird species has
been sighted most everywhere at some time or another during migration. . .does not mean
all areas are equally important to the species.” Available habitat during migration is

probably limited by the extent of particular cover types, the spatial distribution of suitable

stopovers along migratory pathways, and by the sheer number of migrants using the
available stopovers.
Few migratory species complete their migration in one ﬂight, and success for most
species depends on an abundance of st0povers for resting and reﬁieling between nightly
migration ﬂights. In all life stages, migrant birds respond to gross differences in habitat
type (forest, grassland, wetland), with different types supporting different species of
migrants (Petit 2000). During migration, a stopover is a location along the migratory
route where habitat requirements for a species or species group are generally met, and
variations in stopover habitat detemiine how well a particular stopover provides
everything a species needs to successﬁrlly rest and reﬁJel. Successﬁrl migration requires
abundant stopovers, containing relatively high-quality stopover habitat, distributed all
along the migratory route at intervals that are useﬁil to birds making nightly ﬂights.

Approach
What can spatial analysis of the modern distribution of stopovers and migratory
pathways tell us about avian migration? Two basic questions lend themselves to
geographic study: 1) What environmental variables are best suited for discriminating
between stopovers of different quality and studying their spatial distribution? and 2)
Where are the viable migratory pathways that connect optimal stopovers and deﬁne
migratory routes across the modern landscape? As Moore and Simons (1992) note, “we
know almost nothing about which stopover sites are most important, where they occur, or
how their distribution and quality are changing in the face of continued human
development.”

My goal is to map out an approach to addressing the above questions. The study
presented herein analyzes the distribution and quality of stopovers best suited to forest

migrants: noctumally migrating passerine songbirds (Class Aves, Order Passeriformes,
Suborder Passeres) that occupy forest habitats during breeding and wintering life history
stages. Many such species migrate through the eastern United States. The study of

migrating passerines is complicated by the short duration of the migration season,
difﬁculty in locating birds during passage, and the “here today, gone tomorrow” nature of
migration (Moore et al. 1993). Migrating birds are driven by competition for the best
breeding territories (Kokko 1999) and make nightly migration ﬂights from one stopover to
another (Alerstam and Hedenstrom 1998). This nightly movement creates a real challenge
for migration research. A stopover may be full of birds one day and empty the next,
complicating any attempt to quantify the relationship between birds and stopover habitat.
That being the case, how do we assess stopover quality when bird presence in any given
area is an ephemeral phenomenon?
The key lies in choosing an appropriate scale of study that enables us to identify
stopover qualities that are both important to migrants and that can be readily measured for
many stopovers in a broad geographic area. Rather than looking for speciﬁc

species/habitat relationships at discrete locations, I am studying how the abundance of
migrants at certain stopovers reﬂects differences between stopovers that can be assessed
over large areas. This approach requires the use of remotely sensed imagery and
comprehensive geographic datasets covering broad regions. Picture each stopover as a
patch of contiguous habitat, with patches ranging in size from a few square kilometers to

tens of square kilometers. I am more interested in environmental variables that
differentiate one patch from another than variables that deﬁne habitat variation within the
patches. Patch-level environmental characteristics should be useﬁrl to a migrant choosing
one stopover from a selection of nearby stopovers.
I hypothesize that patch-level measures of forest habitat integrity and quality deﬁne

the overall suitability of any stopover, enabling forest migrants to differentiate between
stopovers at a local scale. For the purpose of evaluating broad regions, the distribution
and quality of stopovers comprise the current migration landscape. Migrant abundance

should reﬂect basic differences in habitat quality between patches, with more birds
consistently found in higher quality stopovers. In this study, I will (1) examine the
relationship between patch-level habitat measures and stopover use by forest passerines
during spring migration; (2) apply the resulting relationship across a multi-state study area

to map present-day patterns of stopover quality; and (3) model possible migration
pathways across the eastern United States, based on the map of stopover suitability and
what is known about how migrants move between daily stopovers.

Background
Evolution ofMigration in the Neotropics
Long distance migration—annual movement between breeding and wintering
habitats—evolved independently in different avian taxa and in different regions of the
world (Berthold 1993). Current theories hold that long distance migration probably

developed as an expansion of shorter distance dispersal behavior, a phenomenon observed
in modern species that have recently undertaken longer annual movements that begin to

resemble true migration (Levey and Stiles 1992). Most migratory species in the western
hemisphere probably began migration as a response to changing environmental conditions
during glacial and interglacial periods of the Pliocene and Pleistocene epochs (Curson

1994). The primary adaptive radiation of Nearctic passerine species occurred during the
Tertiary between 60 million and 2 million years ago (Monkkonen et al. 1992), when North
America was covered in large part by tropical and subtropical forest, had relatively low
relief, and was separated from South America by open sea. As the tropical forests
retreated southward with the onset of Plio-Pleistocene climate, many species became long-

distance migrants, primarily to exploit the seasonal qualities of habitats at the northern and
southern limits of their range (Cox 1985). Breeding habitats in Alaska and western
Canada were separated from wintering habitats in the south by expansive ice sheets,
requiring long-distance migratory ﬂights by some species (Williams and Webb 1996); it is
unclear whether the forest species studied here made those ﬂights, as there may have been
little forest habitat north of the ice sheets.
The ﬁrst Neotropical migrations may have been shorter than modern examples, but
as available cover became more crowded migratory species expanded their ranges to
include longer migrations (Morse 1989). Migratory routes of species with similar habitat
requirements diverged to the east and west, a division that is easily seen in present day
migrations (Curson 1994). Migration today reﬂects both an evolutionary predisposition to
long distance movement and a continuing competitive advantage gained by using stable
wintering grounds in the south and less-crowded, resource-rich breeding grounds in the
north (Morse 1989; Cox 1985).

The evolutionary mechanisms for long-distance migration developed early,
although they are dynamic and continue to change in modern species. Migration requires
biological mechanisms for onset of migration (Berthold 1993), migration duration
(Berthold 1988), ﬂight orientation (Kerlinger 1995) and innate habitat preferences (Hutto
1985). These migratory instincts are dynamic; avian populations can shift both direction

and distance of migration (Berthold 1990), and migration can be bred completely in or out
of a species in only a few generations (Alerstam and Hedenstrom 1998). The ﬂexibility of
migratory instincts may help to insure the continued survival of migratory species by
enabling the species to cope with a shifting matrix of habitat quality and availability.

Forest Species: Morphological and Behavioral Characteristics
Forest migrants are passerine bird species that have adapted feeding and nesting
behaviors particular to forested ecosystems, including morphological characteristics best
suited to a life within forested landscapes (Holmes and Sherry 1988). These birds tend to
have sharper bills more suited to their insectivorous diet than the seed-crushing bills of
species using non-forest biomes (grasslands, wetlands, desert, etc.) Although many forest
passerines use other food sources, especially fruit during fall migration, their primary food
is insects (Dunn and Garrett 1997).
Specialized feeding behaviors tie these migrants to forest habitats. While forest
bird species can modify certain aspects of their foraging behavior, other aspects remain
constant (e. g. Hutto 1981, Loria and Moore 1990, Moore and Simons 1992). For
example, wood warblers are adapted to capturing insects within a forest canopy. Their

feeding behavior falls into several categories ﬁrst recognized by Macarthur (1958), all

associated with forest cover: gleaners (birds that take insects directly from leaves in the
canopy); hawkers (birds that make short ﬂights within the canopy to catch insects in the

air); understory feeders (birds that feed within shorter trees underneath a developed
canopy); and several others. While wood warblers can adapt to feeding in deciduous
rather than coniferous forest canopies (or vice versa), they probably cannot adapt to

feeding in other biomes or in strictly low-stature shrubby habitats. The way species move
through habitats is also important, and the ﬂight characteristics of forest migrants—
including their ability to maneuver well in a vertically complex canopy structure—make
them good forest competitors (Holmes and Robinson 1981; Gill 1995). Feeding behavior,
ﬂight and feeding morphology, and a preference for forest insect species all tie these
migrant birds to forested stopovers during migration (Winkler and Leisler 1985).
Threats to Neotropical Forest Migrants
I focus my study of avian migration on forest migrant species because many have
suffered signiﬁcant population declines (Boulinier et al. 1998), they are endemic to the
western hemisphere and thus in risk of global extinction (Franzreb and Rosenberg 1997),
and ﬁrrther research is needed at all life-history stages to understand the spatial patterns of
decline in Breeding Bird Survey (BB S) data (Robbins et al. 1989b). At both ends of their
migration, forest species confront one paramount threat: habitat fragmentation and
destruction. A naturally delicate balance of space and resource use is ﬁrrther stressed by
shrinking forests at most locations on the modern landscape. BBS studies during the past
three decades indicate a steady decline in forest migrant populations on breeding grounds
in the eastern United States (Robbins et al. 1989a; Robbins et al. 1989b; Askins et al.

1990; Finch 1991). More recent research has reﬁned these population analyses (James et
al. 1996), sparked a debate on how to identify true declines (Link and Sauer 1997), and
highlighted the geographic complexity of population decline and recovery for forest birds
across the eastern United States (Brawn and Robinson 1996; Villard and Maurer 1996).
Although these complex spatio-temporal patterns make it difﬁcult to identify true
population declines, it is clear that some forest birds are in serious decline across their
breeding range (James et al. 1996). In general, forest bird species appear to be declining
in areas of recent human disturbance, where forest fragmentation is particularly evident,
and increasing in areas where habitats are relatively stable; however, some apparently
unchanging habitats are also experiencing declines (Martin 1992; Maurer and Heywood
1993; Villard and Maurer 1996). Destruction of wintering grounds in the south may play
a role (Alerstam and Hogstedt 1982; Estrada et al. 1997), as fewer individuals survive the
overwintering period to breed the following season. It is also likely that mortality during
migration has an impact (Hutto 2000), but there has been little research on population
declines caused by stopover habitat loss along the migratory route.

History ofMigration Studies
The scientiﬁc study of bird migration spans the latter half of the 20th century (see
Gauthreaux 1996 for a thorough review). Early studies concentrated on the observation
and description of bird migration (Thomson 1953; Heintzelman 1975). Other studies
censused individual stopover locations to explore feeding behavior (Ferns 1975),
territoriality (Rappole and Warner 1976), and bird-habitat associations (Parnell 1969).

Not until the 19905 did researchers focus on migration as a distinct life-history stage rather
than a longish journey.

Many recent studies are pointing to events during migration as a major inﬂuence
on passerine populations, and we are now seeing increased study of stopover composition,
distribution, and relative importance in life-histories of birds (Moore et al. 1995).

Migration research has blossomed to cover nearly all aspects of the migratory journey:
migration ﬂyways for many species (Rappole 1995; Elphick 1995); migratory routes of
individual species (McNair and Post 1993); physical state of individual birds at discrete
stopovers (Winker et al. 1992); timing of migration (Kokko 1999); the evolutionary
history of migration (Levey and Stiles 1992; Williams and Webb 1996); the ﬂight-path
orientation of departing birds (Moore and Aborn 1996); ﬂight speeds and distances

(Pennycuick 1997); an exhaustive body of work on migration as a biological optimization
strategy (Weber and Houston 1997a; Hedenstrom and Alerstam 1998; Weber et al. 1998;
Alerstam and Hedenstrom 1998); and migration as a conservation issue (Moore and
Simons 1992; Hutto 2000).
Habitat studies concerning Neotropical migrants have historically focused on
breeding habitat (e. g. Suarez et al. 1997; Burke and No] 1998; Bolger et al. 1997) and
wintering grounds (e. g. Miller and Conroy 1990; Wunderle and Latta 1998; Strong and
Sherry 2000), with relatively little focus on migration. Studies during migration have
concentrated primarily on describing habitat use at a scale relevant to ﬁne-scale resource
use during stopover (e. g. Moore et al. 1990; Winker et al 1992; Weisbrod et al. 1993;
Yong et al. 1998; Moore and Aborn 2000), and many of these focus on stopovers

associated with major geographic barriers such as the Gulf of Mexico (e. g. Rappole 1995;
Moore and Kerlinger 1987). Studies at inland stopovers have looked at the energetic
condition and feeding rate of individual birds (Hall 1981; Winker et al. 1992; Yong et al.
1998; Kelly et al. 1999) rather than overall differences between forest areas that may
inﬂuence stopover selection. My work attempts to ﬁll this gap in migration research,

providing a comprehensive view of migratory stopovers and possible migratory pathways
across the eastern United States.
Scale and Habitat Selection
It is useful to consider a basic dichotomy in how migrants evaluate stopovers. The
effective quality of a stopover may depend on environmental characteristics that deﬁne
patch-level habitat quality in an area tens of kilometers across: the amount and severity of

human disturbance in the surrounding landscape, the presence of nearby similar habitats,
or forest qualities such as the degree of fragmentation. Fine-scale differences in resource
quality within a particular stopover, on the other hand, may be a matter of vegetation
health or structure, microclimate, or other factors that inﬂuence food supply and resting
opportunities. Patch-level stopover condition provides information useful to a migrant
selecting one stopover out of several nearby stopovers, while ﬁne-scale quality is useﬁrl to
a migrant looking for the nearest juicy caterpillar. Consequently, studies and results at one
scale may not inform investigations at another scale. Although there are many excellent

studies on how ﬁne-scale habitat quality inﬂuences refueling rates within habitats and
migration departure time from individual stopovers (Hall 1981; Winker et al. 1992; Yong
et al. 1998; Kelly et al. 1999), there has been almost no research on overall differences
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between stopovers, or how those differences inform migrants selecting one stopover over
another.

Johnson (1980) identiﬁed four scales of habitat selection: ﬁrst, the selection of a
physical or geographic range; second, the selection of an overall home range; third, the use
of speciﬁc resource sites or feeding grounds; and fourth, the actual procurement of
resources. Hutto (1985) reﬁned Johnson’s hierarchy for NeotrOpical migrants by

classifying constraints on stopover selection as either intrinsic (within-area) or extrinsic
(outside-area), separating habitat qualities that govern resource procurement from habitat
qualities that govern differences in suitability among stopovers. Extrinsic factors may
deﬁne the geography of migration, providing proximate cues for the selection of each daily
stopover from a limited selection.
This dissertation is primarily concerned with extrinsic habitat factors at the ﬁrst and
second levels of habitat selection; that is, patch-level characteristics that vary between
stopovers rather than within stopovers. Neotropical migrants make daily habitat decisions
at all levels of Johnson’s hierarchy, a phenomenon unique to the migratory journey; on
breeding and wintering grounds, birds likely make patch-level decisions only once, upon
arrival, and spend the rest of the season reﬁning their selection for procuring speciﬁc
resources. During migration individuals must leave a selected area, ﬂy as far as their
energy stores will allow, and select a stopover based on relatively little information.
Landcover patterns such as the degree of forest fragmentation within a patch and the total
amount of forest surrounding the patch may be of paramount importance to birds
choosing between many different stopovers. The routes migrants take between stopovers
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are also critical and deﬁne the broadest scale of selection by dictating the sites available at
the end of a nightly ﬂight.
Habitat Characterization
Virtually every landbird species that has been studied during migration exhibits
nonrandom habitat use, suggesting habitat preference and- selection between and within

stopovers (Hutto 2000). Birds are not equally abundant at all sites during migration, even
though most migratory species can be found over broad fronts and may turn up at unusual
locations. The fact that migrants differentiate between stopovers is well supported, but
how birds judge patch-level habitat quality is less clear. Hutto (1985) suggests four
mechanisms of habitat selection during migration: (1) individuals may cue into a
geographic area, and limit their site selection as a consequence of the overall landscape
they inhabit; (2) habitat use may reﬂect innate instructions passed on by ancestors who
made successﬁrl choices in the past; (3) individuals may choose habitats based on
experience; (4) individuals may explore possibilities and rank available habitats.
Mechanisms one and two are especially important for selection of stopovers at a broad
scale. The set of stopovers available to a migrating bird is probably determined by the

migratory pathway followed, the duration of the nightly migration ﬂight, and ultimately by
the genetic cues for migration direction and duration inherited from recently successﬁrl
migrants.
Nocturnal migrants begin their ﬂights just after dusk, cease ﬂying by approximately
1 am. (Moore and Simons 1992), and must choose a stopover on the wing in low light

(Martin 1990). Proximate cues of habitat quality—such as amount of forest, road density,
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extensive agriculture—probably play a signiﬁcant role in the discrimination between
stopover habitats (Moore and Aborn 2000; Hutto 2000; Petit 2000). Forest fragmentation

and local forest density inﬂuence breeding and wintering habitat choices of long-distance
forest migrants (Freemark and Collins 1992; Hagan et al. 1996; Flather and Sauer 1996),
and are probably also important during migration (Winker et al. 1992).
After making a preliminary selection from available stopovers, migrants reﬁne their

selection with ‘morning ﬂights’ (sensu Moore and Simons 1992) during the ﬁrst few hours
of daylight (Bingman 1980; Wiedner et al. 1992; Moore and Simons 1992). Birds stream
through an area, at or below canopy height, searching for the best feeding sites (Moore
and Simons 1992). Most migratory species exhibit selective use of local habitats during
migration, although selectivity varies widely among species (Petit 2000). Several factors
may be important. Vegetation height and density (Blake 1984), vegetation structure and
diversity (Yahner 1983), and the heterogeneity of natural gaps and understory density
(Noss 1991) seem to inﬂuence selection, with forest migrants selecting more complex and
diverse forest habitats than resident forest species or forest edge dwellers. Vegetation
biomass may also play a role and is possibly related to arthropod abundance (Beaver
1988). The type of vegetation may be relatively unimportant, particularly during migration
when birds require speedy re-ﬁieling and adequate predator avoidance rather than speciﬁc
nest-site characteristics and defensible territories (Petit 2000). As Petit (2000) notes, ﬁnescale habitat conservation may best be served by concentrating on relatively tall,
structurally diverse habitats at many locations across the landscape, rather than speciﬁc
vegetation communities at discrete locations.
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Modeling Migratory Flight Direction and Range
If a migrant only encounters unsuitable stopovers at a time when it must stop to
re-ﬁrel and rest, its breeding ﬁtness and perhaps survival are threatened. During spring
migration, male birds are driven by competition for the best breeding territories to

guarantee the selection of a mate; the healthiest males are usually ﬁrst to arrive (Berthold
1996; Kokko 1999). Females follow later, closer to the time when they can begin
successﬁrl nesting, and juveniles follow a pattern similar to females (Francis and Cooke

1986). Time of arrival on the breeding grounds is the key to successﬁrl reproduction:
males arrive early to establish territories, and females arrive later when an abundant food
supply insures their ability to produce viable eggs. This drive to breed gives spring

migration a regular pattern, not seen in fall migration (Rappole 1995), that lends itself to
modeling migratory pathways between stopovers.
The stopovers available to a forest migrant any given day depend on the overall
migratory pathway, the duration of nightly ﬂight, and the physiological ﬂight range of an
individual, all moderated by environmental factors such as prevailing winds and weather
fronts. The ability of migrating birds to navigate over long distances is a well-documented
pre-requisite to migration, and how birds navigate forms an entire branch of avian ecology

and ornithology (see Baker 1984 for a treatise on the subject). Theories include a solar
compass for diurnal migrants (Schmidt-Koenig et al. 1991), a celestial compass for
nocturnal migrants (Wiltschko and Wiltschko 1991), orientation along Earth’s magnetic
ﬁeld (Wiltschko and Wiltschko 1988), olfactory navigation (Papi 1991), and even
infrasound emitted by large topographic features such as mountain ranges (Hagstrum
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2000). Although the precise mechanism for navigation is yet unknown—and is likely to
vary among species—there is strong evidence for the heritability of a constant-compass
heading for migration, delimiting the overall pathway followed during migration (Berthold
1990; Winker et al. 1991; Nisbet 1969).
There has been extensive research on migratory ﬂight duration and limits using
models of physiology and the optimization of fuel loads. C.J. Pennycuick is a pioneer in
the ﬁeld of bird ﬂight performance (Pennycuick 1989) and has addressed many of the
physical properties of ﬂight including gliding ﬂight (Pennycuick 1968a), powered ﬂight
(Pennycuick 1968b), thermal soaring (Pennycuick 1983), the effects of body shape on
drag (Pennycuick et al. 1988), and even the power output of aerobic muscle (Pennycuick
and Rezende 1984). This research has yielded a collection of ﬂight range models for
various species (Pennycuick 1989, 1997) that form the basis for other studies on reﬁieling
rates, ﬁrel loads, ﬂight speed, and the selection of stopovers to minimize overall migration
duration (e. g. Weber and Houston 1997a, 1997b; Hedenstrom and Alerstam 1998; Weber

et a1 1998). Chapter 4 provides a more thorough review of this literature and discusses
how physiological parameters affect stopover selection for Neotropical migrants.
The inﬂuence of wind and weather patterns is an important factor in bird migration
(Able 1973; Richardson 1990; Stoddard et al. 1983; Liechti et al. 1994; Weber et al.

1998). Wind may affect the speed of travel, alter the migration route by blowing birds off
course, and inﬂuence the ﬂight ranges computed in optimization studies like those
discussed above. Weather probably also plays a role in the decision to depart on a
migratory ﬂight (Weber et al. 1998). Wind and weather are ephemeral, and it is likely that
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their inﬂuence varies year to year. Although it may be possible to account for
predominant wind patterns when studying migration over many years, birds probably
correct for wind drift during morning ﬂights, compensating for larger, year to year

differences in wind patterns (Simons et al. 2000).
Bringing Together Stopover Characterization and Movement
Although many of the migratory ﬂight studies reviewed above model nightly ﬂights
across hypothetical landscapes (e. g. Weber et al. 1998), there has been almost no attempt
to characterize real-world stopovers at a regional scale and model possible movement
scenarios in that environment. A notable exception is the work by Simons et al. (2000)
on the application of spatial models to habitats near the Gulf Coast. Their study
concentrated on modeling available habitat and the habitat preferences of arriving migrants
by modeling movement within a search window whose size is determined by the energetic

state of migrants and thus their available search area. While their study did an excellent
job of analyzing and modeling ‘morning ﬂights,’ it did not look at movement between
stopovers over a regional landscape. Their technique was excellent for judging how

migrants reﬁne habitat selection after reaching a site but did not address how migrants
select a site.

The overall goal of this dissertation is to enhance migration studies by
characterizing the stopover landscape in the eastern United States, modeling movement

scenarios across that landscape, and studying how migration corridors and continued
successﬁrl migration may be inﬂuenced by the interaction of available stopovers and
migratory instincts governing ﬂight direction and duration. This is a novel approach, and
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a logical next step in migration studies: to begin to look at the geography of migration in
the real world and identify locations where conservation efforts may be critical to
guarantee continued successful migration.

Organization
The following chapters address different components of migration research, with

each chapter written as a stand-alone paper, two of them prepared for submission to peerreviewed journals. Chapter 2 addresses the landscape characterization of the eastern
United States and sets the stage for stopover assessment and statistical analysis. Chapter
3 is a manuscript prepared for Conservation Biology reporting results from the 1999
survey of 128 forest patches in the southeastern United States by Partners in Flight
volunteers. 1 use the survey data to test the hypothesis that forest fragmentation and local
forest density are important habitat factors for migratory birds and to explore other
variables that may inﬂuence the selection of stopovers. Chapter 4 models migration
scenarios across the stopover landscape derived in Chapter 3, in a manuscript prepared for

Ecological Applications. Here I examine various combinations of migration orientation
and duration between optimal stopovers, in an effort to show how this type of research
might progress and to tentatively identify portions of the landscape where migration
corridors may be threatened. Chapter 5 discusses the conservation implications of this

research and suggests new directions of research into how the migration landscape is
changing, and how we may reﬁne our view of that landscape.
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CHAPTER TWO
FOREST HABITAT PATTERNS OF THE
EASTERN UNITED STATES AS SEEN FROM THE AIR

Introduction
Understanding the choices made by migrating birds requires a thorough
understanding of the actual landscape from a human perspective and the potential
landscape as perceived by migrating birds. In discussing theoretical models of migration
based on abstractions of the habitat landscape, Alerstam and Hedenstrom (1998) note that
“understanding and insight are no easy concepts to deﬁne precisely, but they probably
have a lot to do with making up abstract and simpliﬁed models, preserving harmony and
economy of thought.” The following discussion describes the forest geography of the
eastern United States, in order to guide the reader through an examination of the modern
landscape that leads to the hypotheses I test in Chapters 3 and 4. In the ﬁrst part of this

chapter, I identify the regional geography of forest landcover patterns that may be
important to forest migrants selecting a stopover. In the second part of this chapter, I map
the eastern United States using broad landscape units showing regional patterns of

environmental variables that may deﬁne and constrain overall migratory pathways. These
maps represent abstractions of patch-level stopover variables that simplify analysis of the
complex interaction between migrants and stopover habitats, enabling me to focus on a
few speciﬁc aspects of migration.
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Regional Landcover Patterns in the Eastern United States
The geographic study of forested stopovers is hindered by our difﬁculty in
perceiving the environment in the same manner as migrant birds. Like other species,
humans gather information through sensory input, and our perspective reﬂects the visual
structure and navigational experience of habitat at ground level. We ﬁnd it difﬁcult to

perceive the environment in other terms. Other than ﬂights in aircraft during the past 100
years, we are an earthbound species, and this earthbound experience largely deﬁnes our
understanding of the environment. Birds may only rarely make decisions from a human
scale and perspective, and certainly not during migratory ﬂight or at the end of a ﬂight
when they undertake a preliminary assessment of stopovers. They view the landscape
from above, evaluate patterns using information available at altitude during low-light
conditions, and choose a stopover accordingly. We will never completely understand how
migrant species make habitat selections, but we can use technology to understand their
perspective better. Satellite images of the landscape offer one place to start.
The Landsat satellite program started in 1972 with 60 by 80 meter resolution,
multi-spectral images of the earth (Verbyla 1995). The early satellites captured data over
broad land areas and across the electromagnetic spectrum—including wavelengths that

our eyes cannot detect, and many more bands than human eyes can simultaneously view.
Researchers soon learned how to use combinations of those bands to provide useful
information about the earth’s surface, particularly about the health, vigor, and distribution
of vegetation (e. g. Richardson and Wiegand 1977; Perry and Lautenschlager 1984).

These advances led to the ﬁrst level of abstraction from raw satellite imagery: computer-
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aided classiﬁcation of multispectral images into ‘blocks’ of similar landcover that are
easier for humans to interpret, and easier for computers to process. By reducing the
complexity of the dataset from many bands of raw data to one band of extracted data, we
lose some information about particular patterns at speciﬁc locations; but we gain a better
understanding of broad-scale geographic variation, and a smaller dataset suitable for
current computing technology.
Landsat sensor technology steadily advanced in spatial and spectral resolution, and
by the early 1980s achieved 30-meter spatial resolution data with higher spectral
resolution as well. Computer analysis and processing also advanced, yielding complex
algorithms for classifying raw imagery into consistent landcover datasets across large
areas. The Multi-Resolution Landscape Characterization project (now called the National
Landcover Characterization Database) was established to create consistent landcover
datasets for the continental United States (Loveland and Shaw 1996). NLCD produced
ﬁJll-resolution landcover datasets for multi-state areas corresponding to the Environmental
Protection Agency (EPA) standard federal regions. My research focuses on the states

contained in regions three and four (Fig. 1a), the ﬁrst two datasets produced by the NLCD
program; this study area contains portions of six North American Bird Conservation

Initiative (NABCI) Bird Conservation Regions (Fig. 1b). The NLCD is the most accurate,
consistent landcover dataset available for the US. and provides excellent source data for
studying landscape-level stopover patterns for migrant birds.

We can learn a great deal just by looking at the patterns of landcover across a
study area this large (Fig. 2). The immediate impression is that natural landcover is
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Figure 1: Study Area. Includes A) states included in the EPA standard
Federal Regions III and IV, excluding Florida south of the Panhandle,
and B) North American Bird Conservation Initiative (NABCI) Bird
Conservation Regions.
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Figure 2: National Landcover Database (NLCD) data for the eastern United States
study area. Actual resolution is 30m x 30m pixels.
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dominated by forests that have been heavily altered by humans. The southwest-northeast
trending Appalachians (reference Fig. 1b) contain the world’s largest remaining
contiguous temperate forest (Riitters et al. 2000a), and are probably a signiﬁcant inﬂuence

on existing migratory pathways through the region. Landscape patterns in both the
Coastal Plain and the Piedmont are dominated by extensive agriculture; much of the
human population, and associated urban areas, also lie in these regions. The combination
of agriculture and urban development presents a signiﬁcant challenge for migrant species
seeking natural landcover and decreases the overall availability of stopovers. The
Mississippi Alluvial Valley has similar patterns, with vast areas of continuous agriculture
and relatively little forest cover, while landcover patterns in the Central Hardwoods
province fall somewhere between those of the Appalachians and the Coastal Plain.
Individual birds certainly do not evaluate the landscape at this scale, but species as a whole
may sample all parts of the landscape during migration, passing on the locations of suitable
migratory pathways through differential survivorship and the genetic transfer of migratory
instincts (Berthold 1990). The regional landcover is essential in describing continental

patterns of available stopovers and the general location of viable migratory corridors.

Intermediate-Scale Landcover Patterns in the Eastern United States
If we examine the eastern landscape at a more local scale, we begin to see patterns
that probably do inﬂuence the stopover decisions of individual birds at the end of a nightly
ﬂight. Figure 3 shows four maps, each 40 kilometers per side (1600 km2 per map),
depicting different patterns of actual landcover encountered by migrants in this study area.
Map A shows an area of contiguous forest typical of the southern Appalachians, providing
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Figure 3: Representative landcover patterns in different landscapes: A) Appalachian
Mountains, B) Coastal Plain Agriculture, C) Metropolitan Area,

D) Riverine Forest Corridors.
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excellent continuous habitat for forest migrants. The landcover categories don’t capture
ﬁne-scale differences such as stand age, canopy height, and understory diversity which
ﬁrrther deﬁne stopover habitat quality. Patterns of landcover, however, probably do

represent differences in patch level habitat quality that birds use to discriminate one
potential stopover from another. Compare map A to maps B—D. Note differences in the
sizes and distributions of forest areas; migrants confront landscapes similar to all of these
en route. Birds rely on an instinctual search image for suitable habitat (Berthold 1990). If
that search image is attuned to patch-level differences in forest quality, it must stem from
instincts useful for diScerning differences in patch quality in different landcover
conﬁgurations. Birds during migration may be the only animals that make daily habitat
decisions at this scale. Most other species may in effect choose between a few areas in one
of these maps, with the overall location dictated by birthplace. Few will ever make
repeated patch-level decisions in landscapes as different as the ones depicted here.
The landscapes depicted in Figure 3 warrant ﬁrrther discussion, with the
understanding that these represent selected points along a continuum of forest landcover

pattems—there are many intermediate landscapes that blend aspects of the landscapes
depicted here. Map B typiﬁes the patterns seen in the Coastal Plain and Piedmont: an
agricultural landscape matrix surrounding small, fragmented forest patches that are
relatively unconnected. This agricultural matrix presents a neutral (or even hostile—see
discussion below) landcover type with no stopover habitat for forest migrants, in effect
creating scattered archipelagoes of forested stopovers. Map C depicts similarly scattered
patches within hostile urban areas. The patterns of forest stopovers are similar in maps B
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and C, but stopover quality may be signiﬁcantly different for forest patches within an
urban matrix. Habitat decisions in both landscapes may be driven by avoiding hostile
areas, with migrants gaining little more than a place to ‘set down’ for the day and little
chance to re—ﬁrel while avoiding predation. In both cases, stopover habitat quality is
probably signiﬁcantly reduced by the surrounding landcover types.

Map D illustrates an important feature in the eastern landscape: forested riverine
corridors. Looking back to Figure 2, the pattern of connectivity provided by large riverine
forests—and their bottomland hardwood habitats—is a striking feature of the southern
landscape. They represent the largest contiguous forests in many areas and are probably
very important to forest migrants during passage. Studying the landcover in maps A—D,
we begin to categorize landscapes more simply as patterns of forest and non-forest, and
start to form ideas about how migrants may be forced to deal with these different
landscapes.
Abstraction of Forest Landcover
Forest migrants during passage, at altitude and in low light, probably cannot
differentiate the complex landcover classiﬁcations depicted in Figure 3. Rather, they may
judge binary landscapes of broad landcover differences like the ones depicted in Figure 4.

'Here we see the same geographic locations shown in Figure 3 with much of the complex
information removed: we have reduced each landscape to broad patterns depicting the

difference between forest and other landcover types. Based on my experience in lowﬂying aircraft at night, this is probably a reasonable view of the eastern landscape. With

the other landcover information removed, the forest patterns are more apparent, and we
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Figure 4: Forest landcover, shaded to simulate landscape patterns seen
from the air at night. Green is forest, dark brown is all other landcover:
A) Appalachian Mountains, B) Coastal Plain Agriculture,
C) Metropolitan Area, D) Riverine Forest Corridors.
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immediately start organizing those patterns into categories like dense or sparse forest
cover, widely separated or highly clustered forest patches, linear or compact patches. This
is nearly an automatic process, and it is likely that birds—who depend on assessing these
patterns for survival—go through a similar process, although they have additional
knowledge about what those patterns mean once they reach ground level.

The visual acuity of birds is superior to humans in both spatial and spectral
resolution (Gill 1995), and it is likely that birds have a slightly more reﬁned view of the
landscape than the simple images presented in Figure 4. To them, the effective
fragmentation and local density of forest may be readily apparent and very important.
Fragmentation is a measure of how ‘broken up’ the forested landcover is, or how
scattered individual forest patches are from one another; local density is the total amount
of forest in the immediate landscape, regardless of contiguity.
Hagan et al. (1996) found that fragmentation on breeding grounds created habitat
for brood parasites such as brown headed cowbirds, and for nest predators such as
raccoons and blue jays. Fragmentation has been shown to increase nest predation in
ground nesting and low-shrub nesting species (which include many Neotropical forest
birds) ﬁom almost nothing to nearly 7% a day, or a failure of 80% of all nests (Robinson
et al. 1995). Although nest parasitism and nest predation are not an issue during
migration, fragmentation may still be a serious threat to migrants by increasing predation
and decreasing the insect food supply. Fragmented landcover concentrates predators and
migrants into smaller forest areas, increasing the predators’ ability to ﬁnd prey. Human
trash provides alternate food sources for predators such as raccoons and domestic cats,
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and cats alone may kill hundreds of millions of birds each year (e. g. Coleman and Temple
1996). Smaller forest patches force more birds to share smaller habitats, thereby increasing
competition, reducing feeding rates, and reducing the overall ﬁtness of forest migrants
(Hagan et al. 1996). In areas fragmented by agriculture and suburban development,
pesticides may signiﬁcantly affect insect populations (Robinson and Wilcove 1994). Birds
that do ﬁnd enough food, and are not preyed upon, may still be affected by increased
competition in forest fragments (Moore and Yong 1991). The extra time they spend
competing for resources delays their anival on the breeding grounds and affects their
reproductive success (Francis and Cooke 1986; Kokko 1999).

We cannot be sure how (or even if) birds evaluate forest fragmentation and local
forest density, but we can use a computational analysis of forest patterns to model
landscapes for habitat evaluation. The National Pattern Database (Riitters et al. 2000b)
provides maps of forest fragmentation and local forest density based on computational
analysis of the NLCD dataset. Riitters used a cell by cell computation algorithm within a
sliding window to evaluate fragmentation and local forest density, with a window size of
65 hectares, encompassing 729 30-meter pixels (picture elements, or mapping units).
These algorithms evaluate the landscape in the analysis window, compute the forest
landcover measure, and tabulate the result for each point, yielding a continuous surface
map of the region. Figure 5 illustrates how a sliding window algorithm works.
Fragmentation is computed by analyzing the proportion of forest cell edges in a window
with forest on both sides; lower numbers indicate high ﬁagmentation (forest pixels are
isolated from one another), higher numbers indicate low fragmentation (forest pixels are
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sides, divided by the total number of cell edges with forest on at least one side. The result of that computation
is recorded in the output map (bottom) in the cell corresponding to the center of the analysis window; higher
fragmentation values here receive darker colors.

example, fragmentation is computed at each step as the number of cell edges in the window with forest on both

the input map, and moves one pixel to the right in each iteration. At the end of the row, the window moves
down one cell and begins moving left to right on the next row; the result is a continuous surface map. In this

agriculture in tan, and urban areas in pink. The analysis window (or kernel) starts in the upper-left corner of

Figure 5: Illustration of sliding-window landcover analysis. Input landcover maps (top) show forest areas in green,

clumped on the landscape). Local forest density is computed as the ratio of forest pixels
to total number of pixels in the measurement window. Figure 6 maps forest fragmentation
measures for each of our sample landscapes, and Figure 7 depicts local forest density.

Compare these ﬁgures to each other and to Figure 4, and notice the subtle differences in
pattern and extent of high-quality forested landcover. These depictions of fragmentation
and density have improved on the simple binary map without losing its simplicity.
Although the fragmentation and density maps are similar and obviously related, there are
differences, particularly in areas where local forest density is relatively low but the
remaining forest is unﬁagmented. These differences deserve a closer look, and we should
retain subtle variations until we have a reason for selecting only one measure to represent
how birds see the forest landscape.
Another measure of forest pattern is the arrangement of contiguous forest patches
in the landscape. I deﬁned individual forest patches as forest areas bounded by other
landcover types or by improved roads (using the ESRI U.S. Street Database 1997).
Although roads are probably not a movement barrier for migratory birds, they are a
change in habitat quality and constitute a signiﬁcant break in forest contiguity that may

cause an increase in predators and a decrease in food supply (Forrnan and Alexander 1998;
Lynch and Whigham 1984). Figure 8 shows portions of the resulting dataset: our now

familiar landscapes are shown, with each forest patch given a unique color to highlight
patch size differences in the various landscapes. The differences in forest contiguity are
more striking than ever, and the kaleidoscope of patches in disturbed landscapes (maps B—

D) is ﬁrndamentally different from the larger patches in map A. This leads to an intriguing
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Figure 6: Forest fragmentation. Darker areas are more fragmented; solid black
overprint is water, not included in the analysis. A) Appalachian
Mountains, B) Coastal Plain Agriculture, C) Metropolitan Area,

D) Riverine Forest Corridors.
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Figure 7: Local forest density. Brighter areas have higher forest density.
A) Appalachian Mountains, B) Coastal Plain Agriculture,
C) Metropolitan Area, D) Riverine Forest Corridors.
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Figure 8: Forest patches. Colors represent different patches. Patch boundaries
are deﬁned by landcover classes other than forest, and by paved roads.

A) Appalachian Mountains, B) Coastal Plain Agriculture,
C) Metropolitan Area, D) Riverine Forest Corridors.
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question: how does the combination of forest fragmentation, local forest density, and
patch size inﬂuence the stopover selection of migratory birds?
To address this question, I computed a single fragmentation and density measure
for each patch in the database. The total range of fragmentation and density were divided

into thirds; if a majority of the patch was in a particular 1/3 data range, the entire patch
was classiﬁed in that range. Each patch was then assigned a ranking of forest condition
(poor, indifferent, good) based on fragmentation and density: if both were in the best 1/3,
the patch was scored ‘good’; if both in the worst 1/3, the patch was scored ‘poor’; all

others were classiﬁed ‘indifferent.’ Figure 9 maps this ﬁnal classiﬁcation of forested
stopovers. We have now mapped differences in landscape pattern and structure as large
differences in presumed quality among available stopovers. The ranked patches on the
maps provide landscape units suitable for sampling comparative use by birds during
migration. The resulting patterns, as seen in Figure 9, reﬂect the patch quality categories

used by 50 ﬁeld volunteers to sample 129 forest patches across the Southeast in 1999, the
crux of the analysis presented in Chapter 3. Plate 1 presents a map of the Southeast with
each forest patch classiﬁed as in Figure 9. By examining the landscape and applying past

research on the habitat relationships of migratory birds, I created a view of the landscape
that enables me to focus on particular qualities of the actual migratory landscape.

Abstraction of Stopover Variables for Migratory Flight Modeling
Nightly movement between stopovers deﬁnes the migratory journey from
wintering grounds to breeding grounds, and suitable stopovers must be suitably located

along the migratory route. To analyze migratory movement requires the ability to model
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Figure 9 Forest patch habitat qual ity. Colors represent different levels
Dark green (good) 1i ght green ( in ifferent), light brown (poor),
light tan (nonhabitat) A) Appalachian Mountains, B) Coastal Plain
Agriculture, C) Metropolitan Area , D) Ri V61“1n e Forest Corri dors
9
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ﬂight direction and duration to simulate nightly ﬂights across a simpliﬁed landscape. In
this study, I seek to understand how various combinations of migratory instincts act
together to dictate migratory pathways. I am less concerned with identifying highly

detailed pathways connecting speciﬁc stopover habitats; such patterns may be ephemeral
and may require timing and directional instincts that simply do not exist in nature. It is
more important to study many possible movement scenarios, and the overlap of those
scenarios, across a landscape that reﬂects patch-level habitat relationships that are
meaningful to migrants. The datasets discussed above are appropriate for assessing

species-habitat relationships, but they are too ﬁne-scaled for practical iterative modeling of
migratory ﬂight paths. Rather, for testing I need a more abstract dataset with the region

reduced to relatively few stopover areas that together describe a continuous landscape for
the eastern United States and provide a suitable base map for modeling many different
combinations of migratory ﬂight parameters.
In the ﬁrst phase of this dissertation, I use 10 kilometer radius circles (a unit used
in other landscape studies of birds, e. g. Flather and Sauer 1996) to summarize
environmental variables and to analyze statistically the relationship between those variables
and migrant abundance at surveyed stopovers. Those relationships are appropriate for
understanding how patch-level habitat patterns inﬂuence the relative abundance of

migratory birds, and the scale of that analysis also makes sense for iterative modeling of
migratory pathways. Pathway models require a continuous map of stopover quality across
the region; I use 314 km2 hexagons to approximate the area encompassed by 10 km radius
circles because hexagons, unlike circles, can be ‘packed’ together to form a continuous
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landscape (Fig. 10). I summarized environmental variables that may inﬂuence forested

stopover quality for birds migrating across the eastern landscape; each resulting hexagon
deﬁnes a local region of potential stopovers whose average habitat quality deﬁnes the
habitat quality of the hexagon. The discussion below presents descriptions of the
environmental variables used to create this depiction of the migration landscape and is
organized into sections on assessing forest quality and assessing human presence in the
landscape. The discussion includes maps depicting quintiles of the data presented; that is,
each quality class on a given map contains an equal number of hexagons, showing relative
habitat condition in a way that best facilitates comparison between maps.
Correlates of Forest Condition
Ultimately, suitable forested stopovers are those areas that support rapid refueling
and protection for large numbers of migrant birds (Hutto 2000). Patch-level habitat
quality is a matter of the overall distribution and contiguity of forest landcover, while ﬁnescale quality is deﬁned by characteristics such as stand age and canopy height; current
limitations in available data and computing power prevent a regional evaluation of ﬁnescale habitat quality. I hypothesize that patch-level habitat suitability may have a

signiﬁcant inﬂuence on migrant abundance during spring migration; the habitat measures
presented here are those that I predict are most likely to inﬂuence (or reﬂect) stopover
suitability.
For each hexagon, I calculated an area-weighted average of forest fragmentation

(Fig. 11) and local forest density (Fig. 12) using data from the National Pattern Database
discussed above. Although the two maps look similar, there are subtle but important
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Figure 10: Circles (A) versus hexagons (B) as landscape units for
continuous coverage.
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differences at this scale as there were in the ﬁner-scale maps, particularly in heavily altered
landscapes with a good deal of forest disturbance. Note for instance the portion of the
Coastal Plain stretching southwest from eastern North Carolina to the western Panhandle
of Florida. These hexagons have generally low local forest density, but relatively little
fragmentation, indicating that while there is a low percentage of forest overall, the forest
that remains is organized into unfragmented forest patches. This is an important
distinction, and one found repeatedly across the landscape: areas may have little forest
cover, but what remains is compact and unfragmented. Given that this situation most
often occurs in highly disturbed landscapes, the remaining unfragmented forest may be
very important to birds. Capturing such distinctions by using both measures is important.
Percent forest in the landscape may also be important and is subtly different from
local forest density. Local density is measured in an analysis window; that is, forest
within the window deﬁned the measure assigned to a particular pixel, and then those
measures were later aggregated within each hexagon. Percent forest was calculated for
the hexagon as a whole, with no regard to local pattern. This embodies the notion that
truly important habitat qualities (food supply as prey abundance, or reduced predation
risk) may be more related to the overall amount of forest in the landscape than to local
variations in forest density and fragmentation. Compare Figure 13 to the earlier ﬁgures of
fragmentation and density (Figs. 11 & 12). Again we see subtle differences in heavily
altered landscapes like the Coastal Plain, whereas predominantly forested landscapes such
as the Appalachians show similar distributions for all forest measures. Together, these
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Figure 13: Percent forest within hexagon (quintiles). Darker colors indicate more forest.
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measures discriminate between stopovers in different biophysical settings, highlighting
what may be extremely important differences between regions.

Breaking down percent forest into quintiles of percent deciduous forest (Fig. 14)
and percent coniferous forest (Fig. 15) reveals an interesting complementary pattern of
dominance distribution. Modern forest is predominantly coniferous in the Coastal Plain
and predominantly deciduous farther inland. Most of the forest bird species studied in this
dissertation are adapted to feeding in deciduous forest (Holmes and Sherry 1988; Dunn
and Garrett 1997; Hutto 2000). The abundance and fragmentation of coniferous forest in
the Coastal Plain—the ﬁrst area that energetically depleted migrants encounter after
crossing the Gulf of Mexico—may present a signiﬁcant challenge by providing only
limited feeding opportunities.
Forested riverine corridors may be particularly important to migrant birds,
providing pathways for migration across disturbed landscapes (Machtans et al. 1996).
Figure 16 displays a map of forested riparian habitat, measured as the percentage of
stream miles in a hexagon with forested landcover along the stream channel (within 30

meters on both sides of the stream). In the eastern Coastal Plain, notice how hexagons in
the ‘best’ condition class could provide pathways through a landscape that otherwise has
relatively little forest cover. These connections may be critical to migrants moving
through the Southeast, even when they are primarily coniferous forest, because they
provide areas of intact habitat in a heavily fragmented portion of the landscape.
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Figure 16: Riparian Forest (quintiles). Measured as percent of stream-mile within
hexagon with forested landcover along the stream bank (within 30 meters).
Darker colors indicate more riparian forest.
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Correlates ofHuman Landscape Alteration
Human disturbance is the primary determinant of landcover patterns in the eastern
United States and can be organized into two types: agriculture and development.
Although other human activities—such as timber harvesting and coal mining—are also
prevalent in this area, agriculture and development are the most widespread and lasting
alterations of natural landcover. Agriculture is the second most abundant landcover in the
region after forest, and a map of percent agriculture in the landscape (Fig. 17) is in many
ways an inverse image of the forest measures presented above. Most gently sloping
landscapes in the East support some amount of agriculture, with the Coastal Plain and the
Mississippi Alluvial Valley containing the highest proportions of agricultural lands. Again,
the Coastal Plain is the ﬁrst inland landscape encountered by migrants on arrival in the
southeastern United States, and agricultural patterns here may pose a signiﬁcant barrier to
migration. Intensive agriculture—large farms using many pesticides—may also decrease
insect populations in nearby forest areas (Robinson and Wilcove 1994), although to date I
have found no empirical research on this topic.
Agriculture along streams has been shown to have a significant impact on water
quality (Snyder et al. 1998) and can have a drastic effect on forest habitat for a variety of
species (Jones et al. 2000). Land cover change from forest to agriculture along streams
and rivers affects the connectivity of forest habitats across disturbed areas, creating
patterns seen in the earlier discussion of landcover pattern (Fig. 3d). Figure 18 shows
agricultural riparian landcover, measured as the percentage of stream miles in a hexagon
with agricultural landcover along the stream channel (within 30 meters on each side of the
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Figure 18: Riparian Agriculture (quintiles). Measured as percent of stream-mile

within hexagon with agricultural landcover (crops, pastureland) along the
stream bank. Dark colors indicate more agriculture.
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stream). Comparing this map to earlier maps of forest condition, notice that many areas
with high percent agriculture along streams coincide with low percent forest in the
landscape. The combination of few forested patches in the landscape and disjunct forest
cover along stream corridors may greatly reduce the number of usable stopovers available
for migrants.
Human development, deﬁned as both urban areas and suburban developments of
single family dwellings, may have a signiﬁcant impact on migrant birds. Development is a
more permanent (and drastic) change in the landscape, for unlike agriculture, it is doubtful
that developed areas will revert to forest in the near ﬁltUI’C. Human development also
subsidizes predators such as house cats, increasing their populations in surrounding forests
through an increased food supply and the suppression of yet larger predators that usually
control their populations (Crooks and Soule 1999). Road density is a reasonable measure
of human activity in the landscape (Fig. 19), and is preferable to a direct measure of urban
landcover because it captures suburban development as well as urban centers. Many of
the patterns in this map are familiar, and we can easily pick out the large cities in the
region. The broad inﬂuence of cities is also clear. Notice how ‘urban centers’
(contiguous blocks of high road-density hexagons) tend to be connected by corridors of
relatively high road density. These corridors of human development may hinder migrants
because they connect many cities into a larger barrier across the landscape.
Conclusion
The maps and discussion presented here collectively make up a geographic

description of the study area and data processing steps that underlie the analyses in the
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of

following chapters. Patterns presented in these maps may raise new questions and lead to
new approaches, perhaps at scales not addressed in this dissertation. As a geographer, I
am most interested in these two questions: 1) What is the distribution of forested
stopovers in the eastern United States, and how do migrants respond to patterns of
variation in forest condition and availability across the landscape? and 2) Does the

current landscape allow for successﬁil migration based on migratory behaviors
characterized by ﬁxed navigational directions and consistent nightly ﬂight distances? The
following chapters address these questions and point the way to ﬁJture research using
similar data at different scales.
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CHAPTER THREE
ENVIRONMENTAL CORRELATES OF
BIRD ABUNDANCE IN FORESTED STOPOVERS
This chapter is a manuscript written for submission to the journal Conservation Biology,
titled “Environmental Correlates of Neotropical Migratory Bird Abundance in Forested

Stopovers of the Southeastern United States. ” My use of “we” in this chapter refers to
my co—authors—Kenneth Orvis and Daniel Simberloff—and myself.
Introduction

Over two-thirds of breeding birds in eastern North America migrate from northern
breeding grounds to southern wintering grounds in Central and South America (Keast and
Morton 1980), and many western birds have migratory routes through eastern North
America (Moore et al. 1993). These Neotropical migrants pass through the southeastern
United States, selecting stopover sites from available habitat (Moore and Aborn 2000).
Southeastern stopover habitats may be crucial during spring migration: food supplies
decrease as migrants move northward (Alerstam and Hedenstrom 1998), and food in the

Southeast replenishes body mass lost during migration across the Gulf of Mexico (Moore
and Kerlinger 1987). Migrants show an affinity for general habitat types such as forest,
grassland, or wetland (Petit 2000), which may serve as cues of resource availability on-site

(Moore and Aborn 2000). Breeding Bird Survey (BBS) data show declines among many
forest species during the past three decades (Robbins et al. 1989a; Askins et al. 1990;

Finch 1991). Recent research has reﬁned these projections (James et al. 1996), sparked a
debate on how to identify true declines (Link and Sauer 1997), and highlighted the
geographic complexity of decline and recovery exhibited in changing habitats (Brawn and
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Robinson 1996; Villard and Maurer 1996). We focus on long-distance forest migrant
species because many have suffered declines across their breeding ranges (Boulinier et al.
1998), they are endemic to the western hemisphere (Franzreb and Rosenberg 1997), and
ﬁirther research is needed at all life-history stages to understand the patterns of decline in
the BBS data. Those patterns may at least partially reﬂect mortality during migration
across the southeastern United States.
The study of bird migration spans the latter 20“‘ century (see Gauthreaux 1996 for a
review). Early studies concentrated on observation and description (Thomson 1953;
Heintzelman 1975) of individual stopover locations to explore feeding behavior (Ferns
1975), territoriality (Rappole and Warner 1976), and bird-habitat associations (Parnell
1969). More recently, researchers have focused on migration as a distinct life-history
stage, and many studies point to events during migration as major inﬂuences on passerine
populations. Stopover Ecology is the study of stopover habitats: their composition,

distribution, and relative importance in life-histories of birds (Moore et al. 1995).
Migration research now covers all aspects of the migratory journey: multiple-species
ﬂyways (Rappole 1995; Elphick 1995); individual—species migratory routes (McNair and
Post 1993); physical state of individual birds (Winker et al. 1992); timing of migration

(Kokko 1999); evolutionary history of migration (Levey and Stiles 1992; Williams and
Webb 1996); ﬂight-path orientation of departing birds (Moore and Aborn 1996); ﬂight
speeds and distances (Pennycuick 1997); migration as a biological optimization strategy
(Weber and Houston 1997b; Hedenstrom and Alerstam 1998; Weber et al. 1998;
Alerstam and Hedenstrom 1998); and migration as a conservation issue (Moore and
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Simons 1992). Missing is a geographic analysis of the present-day migratory landscape:
the locations and qualities of modern stopover locations along migratory pathways. This
geography can be deﬁned as the pattern of available stopovers along the route and the
quality of stopover habitat at the site. We are interested in how patch-level habitat
characteristics—environmental factors varying over tens of kilometers—deﬁne stopover
habitat. The relationship between migrant abundance and habitat measures may help us to
understand how birds select one stopover from a group of available stopovers.
Most passerines are nocturnal migrants, presumably to avoid turbulence and
reduce predation risk (Berthold 1996). These species make decisions about stopover
locations before daylight (Kerlinger and Moore 1989), although they conduct morning
ﬂights to reﬁne their local site selection (Moore and Aborn 2000). Initial stopover
selection involves the migration pathway (Kerlinger 1995), the distance a passerine can
travel nightly (Pennycuick 1997), and landscape features detectable from the air in low
light (Moore and Aborn 2000). Moore and Aborn (2000) list features like rivers (Bingman
et al. 1982), mountains and valleys (Bruderer and Jenni 1990), and coastlines (Able 1972),
noting that birds probably cannot evaluate subtle habitat differences at night (Martin
1990). We hypothesize that stark differences in landcover constitute a landscape feature
as distinct as mountain ranges or rivers. Many studies indicate that forest structure and
diversity are important stopover habitat components (e.g. Sheny and Holmes 1985;

Morse 1989); these within-habitat factors are inﬂuenced by the distribution and condition
of available forest landcover, which can be measured as patterns of forest fragmentation
and local forest density. The geography of available forest patches, including forest cover
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patterns assessable from the air, may serve as a proxy of habitat quality enabling forest
migrants to assess potential stopover locations on the wing.
Johnson (1980) deﬁnes four levels of habitat selection ranging from geographic
home range to resource procurement. Hutto (198 5) reﬁned this hierarchy for migrating
birds by classifying constraints on habitat selection as either intrinsic (within-habitat) or
extrinsic (extra-habitat), separating on-site habitat factors from patch-level geographic
patterns of available stopover locations. Extrinsic factors may deﬁne the geography of
migration by limiting available stopover locations and by serving as indicators of on-site
habitat quality. Food availability is likely the most important factor in migration (Hutto
1985); however, the spatial arrangement of forested stopovers may determine which sites

are available and may also inﬂuence the quality of food and cover. The geography of
available stopovers is poorly understood. As Moore and Simons (1992) note, “we know
almost nothing about which stopover sites are most important, where they occur, or how
their distribution and quality are changing in the face of continued human development.”
Many studies address the habitat preferences of migratory birds. Most concentrate on

stopovers near large geographic barriers such as the Gulf of Mexico (e.g. Moore and
Kerlinger 1987; Rappole 1995) and the Mediterranean Sea and Sahara Desert (Saﬁiel and
Lavee 1988), locations where migrants are at their physiological limits. A few studies
have examined stopovers away from large barriers (Hall 1981; Winker et al. 1992; Yong
et al. 1998; Kelly et al. 1999), concentrating on intrinsic habitat and migrant re-fueling
rates. The next step is to study the geographic pattern of stopovers, to explore variation
in a presumably continuous landscape of available habitat.
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To understand the migration landscape better, we must undertake a geographic
examination of forested stopover locations focusing on patch-level habitat factors. We
examine the geography of available forest patches and highlight possible environmental
factors that inﬂuence the selection of one stopover ﬁ'om the set of available stopovers.
This research examines Neotropical passerine migrants in forest areas of the Southeast
during spring migration, 1999 (March 15—May 22). With the help of ﬁeld volunteers, we
examined 128 forest patches for presence and abundance of bird species and quality of
habitat. Our goal was to use patch-level habitat variables—such as forest fragmentation,
local forest density, percent agriculture, and road density—to identify correlates of
stopover quality in the Southeast.

Study Area
We examined forest habitats in the southeastern United States, including the states
of Kentucky, Tennessee, Mississippi, Alabama, Georgia, South Carolina, North Carolina,
and northern Florida (Fig. 20). The North American Bird Conservation Initiative
(NABCI) Bird Conservation Regions (reference Fig. 1) deﬁnes habitat regions in the
Southeast. In the Coastal Plain, remaining forest areas are small and isolated within a
matrix of agriculture or industrial woodlands. Bottomland hardwoods along rivers
comprise the most contiguous forest cover, although the pine hills in southern Mississippi,
Alabama, and Florida comprise large native-pine forests. The Piedmont encompasses
extensive urban development and pine plantations, with natural forests generally larger
than in the coastal region. Pasture is the dominant non-forested landcover. Continuing
west, the Appalachian Mountains and Central Hardwoods region contain large forests
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stretching northward into the Mid-Atlantic region, forming the world’s largest remaining
temperate hardwood ecosystem (Riitters et al. 2000b). The Ridge and Valley section of
the Appalachian Mountains has an agricultural matrix separating relatively fragmented

forested ridgelines. The Central Hardwoods also contain signiﬁcant human-altered
landcover including large areas of agriculture, urban development, and industrial forests.
Forming the western boundary of the study area, the Mississippi Alluvial Valley is
dominated by intensive agriculture, with the remaining forested habitat scattered in small
fragments throughout the province.
Methods
To classify forest dwelling Neotropical migrant landbirds, we developed habitat
and migration guilds (Table 1) and classified 129 bird species likely to be found in
southeastern forests (Table 2). Although we focus on long-distance forest migrants, we
include other guilds to study differences in habitat selection. We wanted to know if forest
migrants selectively choose higher quality forest habitats, or if their abundance is tied to
factors affecting all bird species, yielding higher abundance of all guilds at particular
locations.
Development ofSurvey Materials
Forest fragmentation and local forest density inﬂuence breeding and wintering

habitat selection for long-distance forest migrants (Hagan et al. 1996; Flather and Sauer
1996; Robinson et al. 1995; Flather 1996; Estrada et al. 1997). We hypothesize that
these are also important during migration, as proxies of food availability, habitat carrying
capacity, likelihood of avoiding predators, and other stopover factors. To test this
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Table 1: Habitat and migration guilds. Guild names are followed by guild abbreviation.
Guild

Habitat Guilds
Obligate Forest (OF)

Description

Species that breed exclusively in mature
forest habitats

Forest Generalist (FG)

Species that breed in forested habitats

Edge (ED)

Species that breed in forest edges, or are not
sensitive to edge conditions

Migration Guilds
Long-distance (LD)

Short Distance (SD)

Species that migrate between Neartic and
Neotropical habitats
Species that migrate within the United States

and Canada
Resident (R)

Species that do not migrate
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Mourning Warbler (Oporornis philadelphia)

Yellow Warbler (Dendroica petechia)
Chestnut-sided Warbler (Dendroica pensylvanica)
Prairie Warbler (Dendroica discolor)

Warbling Vireo (Vireo gilvus)
Nashville Warbler (Vermivora ruﬁcapilla)

Eastern Kingbird (Tyrannus tyrannus)

Least Flycatcher (Empidonax minimus)

Willow Flycatcher (Empidonax traillii)

Common Nighthawk (Chordeiles minor)
Ruby-throated Hummingbird (Archilochus colubris)

FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
FG
F6
F0
FG
FG
FG
FG
FG
FG
FG

SD
SD
SD
SD
SD
SD
LD
LD
LD
LD
LD

Great Crested Flycatcher (Myiarchus crinitus)
White-eyed Vireo (Vireo griseus)

Eastern Wood-Pewee (Contopus virens)

Yellow-billed Cuckoo (Coccyzus americanus)

Cedar Waxwing (Bombycilla cedrorum)
Chipping Sparrow (Spizella passerina)
White—throated Sparrow (Zonotrichia albicollis)
Common Grackle (Quiscalus quiscula)
Black-billed Cuckoo (Coccyzus erythropthalmus)

House Wren (Troglodytes aedon)

Tree Swallow (Tachycineta bicolor)

LD
LD
LD
LD
LD
LD
LD
LD

SD
SD
SD
SD
FG SD
FG SD
FG SD
LD
LD
LD
LD
LD
LD
LD
LD

Yellow-breasted Chat (Icteria virens)
lndi go Bunting (Passerina cyanea)
Orchard Oriole (Icterus spurius)
Baltimore Oriole (Icterus galbula)
American Crow (Corvus brachyrhynchos)
Eastern Bluebird (Sialia sialis)
American Robin (Turdus migratorius)
Northern Mockingbird (Mimus polyglottos)
Brown Thrasher (Toxostoma rufum)
Song Sparrow (Melospiza melodia)
Swamp Sparrow (Melospiza georgiana)
Brown-headed Cowbird (Molothrus ater)
House Finch (Carpodacus mexicanus)
FG
American Goldﬁnch (Carduelis tristis)
FG
House Sparrow (Passer domesticus)
SD Red-headed Woodpecker (Melanerpes erythrocephalusFG

LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD

mmmmmmmmmmm

OF
OF
OF
OF

Summer Tanager (Piranga rubra)
Rose-breasted Grosbeak (Pheucticus Iudovicianus)
Chuck-will's-widow (Caprimulgus carolinensis)
Ruffed Grouse (Bonasa umbellus)
Wild Turkey (Meleagris gallopavo)
Red-bellied Woodpecker (Melanerpes carolinus)

Orange-crowned Warbler (Vermivora celata)

Gray-Cheek Thrush (Catharus minimus)
Tennessee Warbler (Vermivora peregrina)

Swainson's Thrush (Catharus ustulatus)

Olive-sided Flycatcher (Contopus cooperi)
Acadian Flycatcher (Empidonax virescens)
Philadelphia Vireo (Vireo philadelphicus)
Veery (Catharusfuscescens)

Northern Flicker (Colaptes auratus)
Blue Jay (Cyanocitta cristata)
Carolina Chickadee (Poecile carolinensis)
Black-capped Chickadee (Poecile atricapillus)
Tufted Titmouse (Baeolophus bicolor)
Carolina Wren (Thryothorus ludovicianus)
Dark-eyed Junco (Junco hyemalis)
Northern Cardinal (Cardinalis cardinalis)
Eastern Towhee (Pipilo erythrophthalmus)
Purple Finch (Carpodacus purpureus)
Yellow-bellied Sapsucker (Sphyrapicus varius)
Eastern Phoebe (Sayornis phoebe)
Ruby-crowned Kinglet (Regulus calendula)
Gray Catbird (Dumetella carolinensis)
Common Yellowthroat (Geothlypis trichas)
Bachman's Sparrow (A imophila aestivalis)
Evening Grosbeak (Coccothraustes vespertinus)

Downy Woodpecker (Picoides pubescens)

Palm Warbler (Dendroica palmarum)

Northern Parula (Parula americana)

OF
OF
OF
OF
OF
OF

Yellow-throated Vireo (Vireo ﬂavifrons)
Red-eyed Vireo (Vireo olivaceus)
Blue-gray Gnatcatcher (Polioptila caerulea)
Wood Thrush (Hylocichla mustelina)

Bay-breasted Warbler (Dendroica castanea)

Yellow-throated Warbler (Dendroica dominica)

Blackbumian Warbler (Dendroicafusca)

Black-throated Blue Warbler (Dendroica caerulescens)
Black-throated Green Warbler (Dendroica virens)

Magnolia Warbler (Dendroica magnolia)
Cape May Warbler (Dendroica tigrina)

SD
SD
SD
SD

Yellow—rumped Warbler (Dendroica coronata)
Pine Warbler (Dendroica pinus)

Golden-crowned Kinglet (Regulus satrapa)
Hermit Thrush (Catharus guttatus)

Blackpoll Warbler (Dendroica striata)
Cerulean Warbler (Dendroica cerulea)
Black-and-white Warbler (Mniotilta varia)
American Redstart (Setophaga ruticilla)
Prothonotary Warbler (Protonotaria citrea)
Worm-eating Warbler (Helmitheros vermivorus)
Swainson's Warbler (Limnothlypis swainsonii)
Ovenbird (Seiurus aurocapillus)
Northern Waterthrush (Seiurus noveboracensis)
Louisiana Waterthrush (Seiurus motacilla)
Kentucky Warbler (Oporornisformosus)
Hooded Warbler (Wilsonia citrina)
Wilson's Warbler (Wilsonia pusilla)
Canada Warbler (Wilsonia canadensis)
Scarlet Tanager (Piranga olivacea)
Whip-poor-will (Caprimulgus vociferus)
Hairy Woodpecker (Picoides villosus)
Red-cockaded Woodpecker (Picoides borealis)
Pileated Woodpecker (Dryocopus pileatus)
Red-breasted Nuthatch (Sitta canadensis)
White-breasted Nuthatch (Sitta carolinensis)
Brown-headed Nuthatch (Sitta pusilla)
Brown Creeper (Certhia americana)
SD Blue-headed Vireo (Vireo solitarius)
SD Winter Wren (Troglodytes troglodytes)

LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD
LD

Short Distance migrant). Data from Dunn and Garrett 1997, Freemark and Collins 1992, Hunter et al. 1993, Nicholson 1998, O'Connell et al. [998.

First code represents habitat guild (ED = Edge; FG = Forest Generalist; 0F = Obligate Forest). Second code represents migration guild (LD = Long Distance migrant; R = Resident; SD

ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
FG
FG
FG
FG
FG

Table 2: Habitat and migration guilds for bird species associated with forest in the eastern United States
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hypothesis, we created a GIS database of forest condition in the Southeast and examined
the relationship between forest patterns and migratory bird abundance.
Our base-dataset was a national 30-meter resolution landcover dataset for the
United States (Loveland and Shaw 1996). Forest landcover has a distinct spectral

signature (Verbyla 1995), and while differentiating between forest types can be difficult,
the difference between forest and non-forest is clear. We did not distinguish between
forest types because we had no a priori evidence that migrants select speciﬁc forest types
during migration. Individual forest patches were classiﬁed as potential stopover locations,
deﬁned as contiguous forest areas bounded by other landcover types or improved roads
(ESRI U.S. Street Database 1997). Although roads are probably not a movement barrier
for migratory birds, they are a change in habitat quality and a signiﬁcant break in forest
contiguity (Lynch and Whigham 1984; Forman and Alexander 1998). We developed the
patch database for the Southeast using the REGIONGROUP function in Arc/Info (ESRI

2001)
Forest fragmentation and forest area density are measured in the national pattern
database (Riitters et al. 2000a), computed on a pixel (picture element, or cell) by pixel
basis using a sliding-window (or kernel) algorithm with a window size of 65 hectares.
These algorithms evaluate the landscape surrounding each point, compute the forest
landcover measure, and tabulate the result for each point yielding a surface map of the
region. Fragmentation is computed as the number of pixel edges with forest on both sides
divided by the total number of pixel edges with forest on at least one side; lower numbers
indicate more severe fragmentation. Local forest density is computed as the proportion of
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forest pixels to total number of pixels in the measurement window. We computed a single
fragmentation and density measure for each patch in the database. The total range of
fragmentation and density were divided into thirds; if a majority of the patch was in a

particular 1/3 data range, the entire patch was classiﬁed in that range. Each patch was
then assigned a ranking of A, B, C (poor, indifferent, good) based on fragmentation and
density: if both were in the best 1/3, the patch was scored a ‘C’; if both-in the worst 1/3,
a score of ‘A’; all others a score of ‘B’.

A regional study of migration requires many ﬁeld researchers, and we recruited
volunteers through Partners in Flight (PIF), a consortium of state and federal agencies
charged with avian research and conservation in the United States. We stressed that each
volunteer must be willing to access diﬂicult to reach habitats and be able to identify forest
birds by sight and sound. For each volunteer, we created a map of all forest patches in
their area. Each surveyor was asked to visit one patch of each class (A,B,C—no further
patch information was provided) sometime between April 1 and May 22, record all birds
seen and heard between 7 :00—10:OO AM, ﬁll out a site data sheet (Fig. 32, Appendix) and
return all materials. We used an area search sampling protocol appropriate for

determining abundance and habitat relations (Nur et al. 1999). Using this protocol,
surveyors identify a forest patch to be sampled, and then systematically search the patch
for migrants without following linear transects or using ﬁxed points. This approach ﬁts
the ephemeral nature of landbird migration. This protocol allowed us to cover many
different areas in the region, giving us a snapshot of migration over a broad geographic
area.
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The site data sheet (Fig. 32, Appendix) includes habitat factors that cannot be
assessed with landcover data, and was developed with help from the Birds in Forested
Landscapes program at the Cornell Laboratory of Ornithology. This research is part of a

larger project addressing the regional vulnerability of ecological resources, and most of the
data collected on the site data sheet is not used here. We include measures of canopy

height, percent canopy cover, and percent low vegetation cover to assess on-site habitat
structure. Canopy height was estimated visually by surveyors. Percent canopy cover was
classiﬁed as overall cover, percent deciduous cover, and percent coniferous cover;
surveyors then used a density chart (Fig. 32b, Appendix) to estimate percent cover for
each class. Low vegetation was classiﬁed as overall cover, percent saplings, percent
deciduous shrubs, percent coniferous shrubs, percent ground cover (herbaceous species),
and percent dead (stumps, snags, etc.). This variable includes only vegetation under 20
feet tall, and surveyors estimated coverage using the density chart (Fig. 32, Appendix).
The instruction sheet (Fig. 33, Appendix) explained how to ﬁll in the site data sheet.
Statistical Analysis ofSurvey Data

We conducted chi-square analyses to examine the relationship between migrant
bird abundance in each guild and patch-level habitat classiﬁcation, including a predicted
and expected frequency for each guild in each habitat class (expected frequencies
computed as row°/o x column% x total n—Schlotzhauer and Littell 1991). Comparing the
expected and recorded frequencies helped us to understand how different groups of birds
correlate to different stopovers and whether certain groups were using a particular habitat
type more often than expected based on availability.
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Using the returned surveys as sample points, we analyzed the relationship between
long-distance forest migrant abundance and landscape measures of environmental
condition (Table 3). We plotted patterns of bird abundance in relation to habitat variables
and ﬁtted regression lines to the scatter plots. Several factors confound the study of
migration. During spring, males strive to arrive early on breeding territories (Kokko

1999), and an excellent stopover may have an abundance of birds during one visit and a
paucity on subsequent visits as birds continually move to the next stopover. Multiple
visits help compensate for this problem, but our interest was in sampling many areas to
examine the overall differences between habitats, and multiple visits were impossible.
The ephemeral nature of migration may be reﬂected as zero-abundance recordings
across all habitat values, for all species, regardless of the abundance patterns of non-zero
recordings. It is possible to have a relatively high number of birds recorded at some sites,
while other sites with identical habitat have no birds at all. Such differences may reﬂect
truly poor habitats, or they may reﬂect the nature of migration: birds are present on some

dates, absent on others, regardless of habitat quality (Moore et al. 1993). To deal with
this potential problem, we developed classes for each habitat variable and computed the
average number of birds (weighted by number of patches per class) to deﬁne relationships
between variable class and average migrant abundance. While these relationships cannot

predict absolute abundance (which during migration may be impossible), they can be used
to compare types of habitat conditions, i.e. habitat condition x generally had more
migrants than habitat condition y. This is exactly the kind of relationship we are looking
for and helps to elucidate differences in stopovers across the region.
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Table 3: Environmental variables used for forest migrant regression analyses.
Variable Name

Measured

Description

Percent canopy cover coniferous

On-site

Percent of crown composed of coniferous tree species

Percent canopy cover deciduous

On-site

Percent of crown composed of deciduous tree species

Percent canopy cover

On-site

Measure of total canopy cover

Canopy height

On-site

Measure of canopy height

Percent low cover deciduous

On-site

Percent of low cover (<20ft) composed of deciduous
shrubs

Percent low cover saplings

On-site

Percent of low cover (<20ﬁ) composed of saplings

Percent low cover

On-site

Measure of total low cover (<20ft)

Forest Contagion
(Inverse Fragmentation)

Satellite

See text for computation description

Forest Area Density

Satellite

See text for computation description

Perimeter/Area Ratio

Satellite

Perimeter / Area for each forest patch. Higher values
indicate more complex patch edges

Patch Area

Satellite

Measured from forest map segmented by roads

Percent Forest

Satellite

Measured within 10km radius circle centered on patch
sample area

Percent Deciduous Forest

Satellite

Measured within 10km radius circle centered on patch

shrubs

sample area
Percent Coniferous Forest

Satellite

Measured within 10km radius circle centered on patch
sample area

Percent Agriculture

Satellite

Measured within 10km radius circle centered on patch
sample area

Riparian Agriculture

Satellite

Percent streamlength with agricultural riparian zone
(30 meter width). Measured within 10km radius circle
centered on patch sample area

Riparian Forest

Satellite

Percent streamlength with forested riparian zone (30
meter width). Measured within 10km radius circle

centered on patch sample area
Road Density

US Census

Length of road (km) per sq. km. area. Measured within
10km radius circle centered on patch sample area

67

Results
Species Guilds and Habitat Condition

Habitat Guilds
We sent out 115 surveys; 50 volunteers visited three patches and returned all
materials. After we removed some incomplete responses, the returns yielded 128 forest
patches: 36 A patches, 41 B patches, and 51 C patches. Habitat guilds and forest habitat
patch type are related (chi-square = 966.988, p < 0.01, df = 4), indicating that forest
fragmentation and forest area density inﬂuence habitat quality (Table 4). Obligate forest
species (OF) are found more often than expected in intact patches (cond C: high density,
low fragmentation), and only half as often as expected in fragmented patches (cond A: low
density, high fragmentation). Edge species (ED) show the inverse relationship. Forest
generalists (FG) show a weak preference for more intact forest habitats. We hypothesize

that all forest species (OF and FG combined into AF) respond to similar forest habitat
factors during the migration season, and we compared this group to edge species (Table

5). Again, forest birds are found more often than predicted in intact forests, and less often
than predicted in fragmented forests; the inverse is true for edge species.
Mgration Guilds
Chi-square analysis shows a strong interdependence (chi-square = 862.604,
p<0.01, df = 4) between migration guild and habitat patch type (Table 6). Expected
versus recorded frequencies suggest that long-distance migrants (LD) are found more
often than expected in intact patches and half as often as expected in fragmented patches.
Resident species (R) and short-distance migrants (SD) show the inverse pattern.
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Table 4: Chi-square analysis of habitat guilds and forest patch type.

(Rudd

Ihach Type

F3)

F1:

(1F

Total

Al

FREQUENCY
EXPECTED
CELL CHI-SQUARE

1293
930
141.58

1254
1311
2.49

261
566
164.9

2808

B

FREQUENCY
EXPECTED
CELL CHI-SQUARE

1502
1207
71.9

1679
1702
0.31 15

464
735
100.29

3645

(I

FREQUENCY
EXPECTED
CELL CHI-SQUARE

1369
2026
213.34

2937
2856
2.25

1818
1234
269.93

6118

4164

5870

2537

12571

Total
Chi-square= 629. 716, p<0. 01, (if-=4
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Table 5: Chi-square analysis of all forest birds, edge birds, and forest patch type.
Guild

Patch Type

ED

AF

Total

FREQUENCY
EXPECTED

1267
914

1513
1865

2780

CELL CHI-SQUARE

10. 14

12. 1 1

B

FREQUENCY
EXPECTED
CELL CHI-SQUARE

1489
1189
75.32

2126
2425
36.94

3615

C

FREQUENCY
EXPECTED

1354
2039

4740
2039

6094

CELL CHI-SQUARE

17.99

30.78

4110

8379

A

Total
Chi-square = 629. 716, p<0. 01, df=2

7O

12489

Table 6: Chi-square analysis of migration guilds and forest patch type.
Guild

Patch Type
A

LD

SD

R

Total
2961

FREQUENCY

624

828

1509

EXPECTED

1051

614

1295

CELL CHI-SQUARE

173.61

74.32

35.19

B

FREQUENCY
EXPECTED
CELL CHI-SQUARE

984
1341
95.31

827
784
2.35

1968
1653
59.87

3779

C

FREQUENCY
EXPECTED
CELL CHI-SQUARE

3048
2263
23.24

1066
1322
16.72

2261
2789
35.47

6375

4656

2721

5738

13115

Total
Chi-square = 862. 604, p<0. 01, (if-=4

71

Forest Species and Migration Disposition

Forest species of different migratory dispositions may have different responses to
habitat quality. For all forest species (AF) assigned to each migration class (LD, R, SD),
the chi-square analysis (chi-square = 598.984, p<0.01, df = 4) again shows a strong
relationship between habitat class and species class (Table 7). Long-distance forest

migrants are found more often than predicted in intact patches and less than predicted in
fragmented patches; residents show the inverse relationship, while short-distance migrants
closely match predicted distributions. We are interested in migrant forest bird species, and
a closer examination of the AFLD class is needed.
Habitat Relationships ofLong-Distance Migratory Forest Birds
Of the 20 variables examined (Table 3), 12 had signiﬁcant relationships with longdistance forest migrants (Table 8). A majority of the variables (9 of 12) show a negative
relationship to average forest migrant abundance (Fig. 21), indicating variables that may
deﬁne habitat quality for migrants. These results support our initial ﬁndings in the chisquare analysis.
Discussion

Characterization ofStopover Locations in the Southeast
Our results strongly suggest that long-distance forest migrants discriminate
between stopovers during migration and that patch-level habitat measures reﬂect those

decisions. Other studies found that migrants selectively use certain types of stopover
habitats (Parnel 1969; Mason 1979; Hutto 1985; Moore et al. 1990; Winker et al. 1992;
Mabey et al. 1993), but these focus on ﬁne-scale habitat differences. Moore and Simons
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Table 7: Chi-square analysis of combination guilds: all forest birds and migration
disposition.
Guild

Patch Type
A

AFLD

AFSD

AFR

Total
1515

FREQUENCY

416

186

913

EXPECTED
CELL CHI-SQUARE

667
94.53

197
0.63

650
105.71

B

FREQUENCY
EXPECTED
CELL CHI-SQUARE

698
943
63.95

259
278
1.41

1 186
920
76.59

2143

C

FREQUENCY
EXPECTED
CELL CHI-SQUARE

2588
2091
30.78

649
617
7.72

1512
2039
17.99

4749

3702

1094

36 1 1

8407

Total
Chi-square = 598.984, p<0. 01, df=4

Table 8: Regression analysis of all forest long-distance (AFLD) migrants.
Variable Name

Relationship

R-square

Significance

Percent canopy cover coniferous
Percent canopy cover deciduous
Percent canopy cover
Canopy height
Percent low cover deciduous shrubs
Percent low cover saplings
Percent low cover
Forest Contagion (Inverse Fragmentation)
Forest Area Density
Perimeter/Area Ratio
Area
Percent Forest
Percent Deciduous Forest
Percent Coniferous Forest
Percent Agriculture

Logarithmic
Quadratic
Linear
Linear
Logarithmic
Linear
Quadratic
Linear
Linear
Linear
Linear
Linear
Quadratic
Linear
Linear

0.78138
0.18924
0.16598
0.11558
0.82942
0.44785
0.13965
0.55338
0.40788
0.82550
0.05851
0.43782
0.22439
0.56543
0.43782

0.0003*
0.0922
0.1671
0.2796
0.0000*
0.0064*
0.1394
0.0015*
0.0043*
0.0007 *
0.2339
0.0052*
0.2282
0.0194*
0.0052*

Riparian Agriculture

Exponential

0.84832

0.0002*

Riparian Forest

Linear

0.65392

0.0005*

Road Density

Exponential

0.5 1491

0.0030*

"' signiﬁcant at p < 0. 05
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(1992) underscore the need for understanding which stopovers are important, where they
occur in the landscape, and how their distribution and abundance are changing; this
research is a ﬁrst attempt to study the geographic patterns of suitable stopovers at a
regional scale. We focused on patch-level habitat factors that may determine the initial
selection of a stopover (Moore and Aborn 2000; Petit 2000). Aggregating our data into
types of habitats, we examined differences in relative habitat quality and dealt with the
ephemeral nature of migration that confounds even multi-year migration studies (Moore et
al. 1993).
Long-distance forest migrants appear to select relatively unfragmented, dense
forest areas with simple patch boundaries and a low percentage of coniferous canopy
cover; edge species and resident or short-distance forest migrants show inverse or neutral
relationships. This afﬁnity for vegetation density (Blake 1984) and deciduous forest cover
(Mabey et al. 1993) has been seen in other studies. Like earlier work (e. g. Yahner 1983;
Howe 1984; Mabey et al. 1993), we found no correlation between migrant abundance and
individual patch area. Overall forest area, as measured by local forest density, was
correlated with migrant abundance and reﬂects the amount of forest at a location

regardless of patch boundaries. While individual patch area may not be important an
important determinant of stopover use, the amount of forest in the landscape might be.
We also analyzed ﬁagmentation and density separately for each forest patch to identify
their individual importance; other studies have examined this problem with mixed results
(Trzcinski et al. 1999; Villard et al. 1999; McGarigal and McComb 1995).
Unfortunately our data were not suitable for teasing these individual relationships apart;

77

our average abundance measure creates summary points that may not contain the same
forest patches when looking at two different regression plots. We are unable to comment
on how the effects of ﬁagmentation and density enhance or negate one another in

individual patches.
The types of stopovers that we characterize here may be locations easily discerned
during ﬂight in low light (Martin 1990). In low-ﬂying aircraft at night, one can clearly
separate large forest areas from landcover of other types; patch-level qualities may be

cues for food availability or predator avoidance on the ground (Moore and Aborn 2000),
both of which may improve in more intact forest areas. Forest migrants also respond to
riparian forest condition, avoiding riverine corridors with a high percentage of agricultural
landcover and favoring areas with intact forest cover. Riparian zones may provide
migration corridors through heavily altered ecosystems such as the southeastern Coastal

Plain, where bottomland hardwoods are the only signiﬁcant remaining forest.
Our results also suggest that human disturbance affects stopover quality. Forest
areas in agricultural settings have fewer migrants, particularly in landscapes with >20%
agriculture. Riparian agriculture shows a similar pattern. This relationship may reﬂect a

decreased food supply caused by pesticides in agricultural ﬁelds or the disjunct nature of
forest habitats in an agricultural landscape. Paved road density was also related to migrant
abundance, and probably reﬂects urban development.
Two site-speciﬁc measures of habitat quality (percent low cover as saplings, and
percent low cover as deciduous shrubs) show negative correlations with migrant

abundance. Other authors (e. g. Blake 1982) found similar relationships and hypothesize
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that a dense understory affects the ability of long-distance migrants to move through
habitat and their ability to see and capture prey (Holmes and Robinson 1981; Robinson

and Holmes 1982, 1984; Gill 1995). Dense vegetation may also be related to forest stand
condition or age, indirectly measuring forest qualities inﬂuencing migrant habitat selection.
We were surprised that canopy height was not signiﬁcant in this study. Other studies have
suggested that height is important (Petit 2000), and it is possible that we did not sample
wide differences in height, or that ﬁeld volunteers could not reliably estimate height
without a clinometer.
Our ﬁeld volunteers were allowed to pick their sample stopovers, introducing a
potential bias as volunteers are likely to select locations where they have had success
during previous migration seasons. This bias, however, will be equally distributed among
all patch classes; volunteers were given only A,B,C patch rankings, not the habitat
information behind the rankings. At worst, we may have a selection of the best habitats in
each patch class, giving us discriminatory power between habitat types (the goal of this

study). The results are logical for groups of habitat variables in all patch classes, lending
credibility to the results. There is no indication of a signiﬁcant bias introduced by the
selection of sites by volunteers.
A more likely source of error lies in epiphenomenal measurement; that is, the
habitat variables are reﬂecting unmeasured variables such as food availability. Although
extrinsic habitat factors show signiﬁcant correlations with migrant abundance, these
factors may reﬂect intrinsic qualities that ultimately determine habitat suitability. This
correlation with unmeasured variables, however, does not reduce our ability to
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discriminate between stopovers at a regional scale. Further research is needed to uncover
direct links between migrant birds and habitat factors; but whether we are measuring that
direct link or a correlative relationship with other patch-level factors, our results identify
variables that reﬂect differences in overall stopover quality.
Role ofEvolutionary Memory in Habitat Selection

It is unlikely that individual experience plays a large role in overall stopover
selection. To evaluate regional stopover patterns, a single bird would have to make
dozens of migrations; but the short lifespan of a passerine migrant (averaging 2-5 years)
precludes a strong role for experience and learning along the migratory route (Berthold
1990). Furthermore, most of our environmental measures—forest fragmentation, forest
area density, road density, percent agriculture in the landscape—vary over hundreds of
kilometers, a scale untenable for individual birds. So why do we see strong patterns of
stopover selection? One answer may be that populations of migrant birds sample the
environment rather well, even if individual birds cannot. Populations may store migratory
pathway and habitat information in genetic memory, deﬁned as the inheritance of
migratory parameters (orientation, duration, and others) and a search image for habitat
qualities (Berthold 1990). The habitat relationships we see in our data may reﬂect
inherited migratory paths, and a search image for forest habitats, that developed over
generations.
Most migratory species in the western hemisphere probably began migration as a
response to changing environmental conditions during glacial and interglacial periods of
the Pliocene and Pleistocene epochs (Curson 1994; Monkkonen et al. 1992). Key to this

80

evolution were physiological changes governing how migration occurs: biological
mechanisms for onset of migration (Berthold 1993), instincts for ﬂight duration (Berthold
1988) and orientation (Kerlinger 1995), and inherited habitat preferences (Hutto 1985).
These migratory characteristics are dynamic. Avian populations can shift both direction
and distance of migration (Berthold 1990), and migration can be bred completely in or out
of a species in only a few generations (Alerstam and Hedenstrom 1998). Thus there is a

broad base of genetic variation that allows species to adapt to changing. environmental
conditions. This variation produces a population of individual birds with varying
migratory instincts, providing the diversity needed to assess a wide array of potential
migratory routes and the stopovers available along those routes.

Recent evidence for rapid microevolution of new migratory directions (Berthold et
al. 1992) suggests that each generation embodies diverse genetic cues for migratory
orientation and duration. Adult birds have a highly clustered southward departure
orientation, while young birds show a widely scattered departure orientation that covers
nearly the entire compass (Moore 1984; Berthold et al. 1992; Woodrey 2000). These
young birds may serve as pioneers, with each generation sampling new habitats. The
frequent occurrence of eastern passerines on the Paciﬁc coast during fall migration
(DeSante 1973) reinforces this idea of a pioneer quality in young birds. It may be similar
pioneers that we ﬁnd in marginal stopovers, represented in our data by low numbers of
migrants found in relatively poor habitats.
Juvenile birds carry out southward and return migration by themselves (Berthold
1993). There is strong evidence that hatching-year birds are marginalized by adults
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(Terrill 1987; Marchetti and Price 1989; Sherry and Holmes 1989), and that a temporal
disjunction in onset of southbound (Hussell 1982, 1991; Woodrey and Chandler 1997)
and northbound (Francis and Cooke 1986; Morris et al. 1994) migration precludes young
birds traveling with more experienced migrants. Competition for early arrival on breeding
grounds exacerbates this disjunction for male birds, with adults arriving earlier than
juveniles (Kokko 1999). Yet young birds do ﬁnd suitable migratory routes and make the

return journey the following spring to become successﬁrl breeders. These routes may not
be the same as those followed by adult birds, and given the remarkable site-ﬁdelity found
in passerine migrants (Winker et al. 1991; Nisbet 1969), a successﬁJl migrant will likely
follow the same path year after year rather than switching to a better one.
Why don’t we have forest migrants everywhere? Why aren’t migratory species
equally abundant in all areas during migration (Hutto 2000)? We hypothesize that the
ﬂexibility of migratory adaptations allows migrant species to sample all available stopover

habitats, reinforcing established ﬂyways by means of differential survivorship and genetic
transfer. We can picture northern breeding grounds as a type of biological ‘radar’ sending
out signals in the form of hatching year birds making their ﬁrst migration and receiving
information about habitats in the form of surviving birds that return the following year.

Many ﬁrst time migrants will perish along sub-optimal migration routes, resulting in a nullreturn signal for that part of the landscape. Survivors will be those birds that ﬁnd suitable
stopovers en route and return to reinforce that route preference in the species through
successﬁil reproduction. These individuals will have the migratory instincts, including the
habitat preferences reﬂected in our analyses, that enable them to return to the breeding
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grounds. A species can thus sample all available habitats along the migratory journey and
reinforce the location of the best migratory ﬂyways through increased survivorship along
those paths. If we consider the scale of this scenario, migratory routes and stopovers are
probably deﬁned by the geographic factors studied in this research. Each generation has

enough individuals for a species to sample all possible migratory routes continually, and to
exploit changing environmental conditions quickly. The concentration of birds in suitable
habitats during migration is thus a reﬂection of survivorship during recent migrations.
If the above scenario holds true, it is likely that birds respond to changing habitat
conditions through changing migratory instincts. Development patterns may force birds to
respond to habitat changes very quickly, possibly resulting in the geographic patterns of
decline and abundance we see in BBS data (Brawn and Robinson 1996; Villard and
Maurer 1996). As migrants abandon heavily altered pathways, the number of birds
reaching a speciﬁc breeding area will decline; there simply will not be a pathway
connecting the wintering and breeding habitats. Abundance may increase in other areas
owing to reduced competition for wintering grounds as individuals on certain routes die
off. Patterns of population increase and decline seen in forest migrants may thus reﬂect
the pattern of migratory stopovers and pathways, a constantly shifting matrix that affects
which breeding grounds are most heavily used. If many corridors are affected in a short
time, the population as a whole may cross a threshold where there simply are not enough
individuals to effectively sample the landscape and locate suitable migratory pathways.
Populations may crash for want of enough information about a rapidly shifting landscape.
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Conservation Implications and Future Research
Although we cannot develop precise models of absolute migrant abundance, we
can provide general guidelines for the conservation of stopovers for Neotropical forest
migrants. The shape and magnitude of the relationships are particular to our study, but
the direction of the relationships provides some clear guidance. For example, our results
show an exponential relationship between migrant abundance and percent agriculture in
the landscape (Fig. 21), with an apparent threshold of 20% agriculture. Reducing the
amount of agriculture in the landscape, and increasing the amount of forest, will likely
have a positive effect on migrant habitat; the exact threshold may be an artifact of our
data. Likewise, our results suggest that reducing road density and increasing forest area
density will have a positive impact, but how much of an impact will likely vary across the
landscape. This study provides strong guidance for conservation at a regional scale, but
the speciﬁc application of conservation practices should also consider local-scale factors
and phenomena that may inﬂuence the factors measured here. Our results suggest that
other guilds—edge species, short-distance migrants, residents—respond differently to

both intrinsic and extrinsic stopover quality, requiring different conservation and
management approaches. Management of guilds not addressed here—grassland birds,
waterfowl, raptors—will require regional-scale research focused on those habitats.
Future research should focus on the survivorship of migrants that use speciﬁc
stopovers during migration, an incredibly difficult proposition that is probably dependent
on new technologies such as isotopic markers that link birds to speciﬁc habitat types (see
Marra et al. 1998). We currently know nothing about survivorship based on speciﬁc
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migration habitats, although we do have good correlative information on abundance

during migration. It is likely that migrants in different parts of the landscape will respond
in different ways: forest conditions deemed unsuitable in a heavily forested part of the
landscape may be prime habitat in a heavily agricultural part of the landscape. The general
rules (higher density of forest is better, lower road density is better, etc.) hold true for the
region and indicate a general direction for land management. Land managers and
conservationists, however, should evaluate which characteristics they can most readily
inﬂuence and which will provide the most improvement for their area.
Our research characterized stopovers in the Southeast, and correlations between
migrant abundance and stopover variables suggest that we identiﬁed patch-level habitat

factors important to migrants. The next step in regional migration study is to examine the
distribution of these habitats along migratory pathways. Successful migration requires
suitable habitat suitably placed all along the overland route. If habitats are clumped at
particular locations along the route, rather than dispersed along the entire pathway,

landbird migration is threatened. By characterizing the linkages across the landscape, we
can complete the picture of regional-scale migration habitat and understand how the
habitats identiﬁed in our work here are linked into a habitat landScape. This cohesive
understanding is necessary for the conservation of Neotropical migrants.
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CHAPTER FOUR
MODELING NIGHTLY MIGRATION FLIGHTS BETWEEN
INLAND FORESTED STOPOVERS IN THE
EASTERN UNITED STATES
This chapter is a manuscript prepared for submission to the online journal Conservation

Ecology. An online journal was chosen for the ease of publishing the large number of
color maps in this paper. My use of “we” refers to Kenneth Orvis and myself.
Introduction
Over two-thirds of passerine bird species in eastern North America migrate from
northern breeding grounds to southern wintering grounds in the Caribbean and Central
and South America (Keast and Morton 1980), and many western species have migratory
routes through eastern North America (Moore et al. 1993). Long term population
monitoring via the Breeding Bird Survey (BBS) reveals a complex geographic pattern of
population decline and recovery for forest passerine landbirds (Robbins et al. 1989a;
Askins et al. 1990; Finch 1991; Brawn and Robinson 1996; Villard and Maurer 1996), a
pattern only partly explained by events on the breeding and wintering grounds. Passerine
migrants ﬂy by night and must stop daily to rest and feed; stopovers along migratory
routes through eastern North America are critical for successful migration (Hutto 2000).
Mortality during migration may be signiﬁcant (Moore and Aborn 2000), but to date most
research and conservation plans have largely dismissed migration as a longish journey
between breeding and wintering grounds (see Mabey and Watts 2000 for a thorough
discussion). We know almost nothing about which stopover habitat types are most
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important or how their distribution and quality inﬂuence the routing of migratory
pathways (Moore and Simons 1992).

Movement between habitats deﬁnes migration. On a hemispheric scale, birds
migrate from productive breeding grounds to stable wintering grounds. At a sub-

continental scale, birds move between stopovers along the overland route. Finally, at the
scale of individual stopovers, migrants undertake morning ﬂights to reﬁne their habitat
selection within the local environment (Moore and Simons 1992). This lifestyle of
constant movement between habitats requires precise navigation, abundant stopovers
along the route, and a spatial distribution of stopovers that provides suitable habitat at the
end of each nightly ﬂight. Migration entails substantial risk to individuals, and migratory
species are susceptible to habitat destruction and degradation all along the migratory
route. At the same time these species are better able to deal with habitat changes than
more sedentary species because they can change the migratory pathway they follow and
even the breeding or wintering grounds they travel to. Migrant species are ﬂexible and
resilient because they move, and because the instincts that govern their movement are
adaptive between generations.
Migration in birds is controlled by inherited instincts governing migratory duration
(Berthold 1996), orientation or direction (Baker 1984), and multi-scale habitat preferences
(Hutto 2000). These instincts deﬁne a migration ‘program’ for individual birds: they are

urged to travel in a particular direction, for a particular length of time, and to look for
particular types of stopover habitat along the way. Although the type of habitat a species
searches for (forest, grassland, wetland) is probably inﬂexible, there is good evidence that
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migratory orientation is more widely scattered in young birds than adults (Woodrey 2000).
This scattering means that some young birds will follow different pathways than adults,
allowing the species to sample effectively many possible migratory pathways and gradually
shift its migration to new stopovers and new routes (Berthold et al. 1992).
Migratory instincts, however, are inherited and thus inﬂuenced by the genetics of

the parents. Survivors following a successful pathway will pass on a predisposition for
migration along that route (Berthold 1990). Random variation and inherited instincts
combine to enable a species to ﬁnd new migration routes and then increase the number of
individuals following those routes. If a particular pathway and its associated stopovers are
sufficiently degraded, the species may adapt through increased genetic transfer by
survivors following intact pathways (Berthold 1990). Migratory routes exist to connect
breeding grounds to wintering grounds, and shifts between pathways may inﬂuence the
number of individuals reaching a particular breeding habitat, a possible contributing factor
in the geographic pattern of population declines and recoveries seen in the Breeding Bird
Survey (Brawn and Robinson 1996; Villard and Maurer 1996).
A spatial analysis of stopovers and pathways will provide a strong regional
framework for other research in stopover ecology: the study of stopover habitat
composition, distribution, and relative importance in life-histories of birds (Moore et al.
1995). There have been manyexcellent studies on ﬁne-scale habitat use at particular
stopovers (e. g. Hall 1981; Moore and Kerlinger 1987; Winker et al. 1992; Rappole
1995; Yong et al. 1998; Kelly et al. 1999) but practically no research examining the
spatial distribution of stopovers across the eastern United States. To understand better
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how events during migration affect migrant populations, we need to examine the regional
geography of migration, deﬁned by the distribution of stopovers and the routes of possible
migration ﬂights between stopovers.
The research presented here is a ﬁrst attempt to model migratory pathways of
northbound forest passerine species through the eastern United States. This analysis
incorporates our present understanding of the genetic instincts for migratory orientation
and duration, and it models the implications of that understanding: pathways between
currently optimal stopovers as deﬁned by patch-level habitat condition. We ﬁrst map
regional patterns of available stopovers using environmental variables identiﬁed in an
earlier study (Chapter 3) that reﬂect habitat types forest birds seem to prefer during
migration. We then model possible migration routes between those mapped stopover
habitats, assuming a migratory program of constant orientation (Woodrey 2000) and ﬁxednightly ﬂight distance (Simons et al. 2000).
We do not claim that this paper reports the deﬁnitive location of migratory
pathways; rather, we want to explore how our current understanding of stopover habitats
and migratory behavior plays out as one possibility for modem-day migration across the
eastern United States. In doing so, we hope to demonstrate a new technique in migration
research that brings together current understanding of stopover use and migration ﬂight

parameters, modeling their implications using existing habitat datasets across entire
regions. At this stage we use a coarse abstraction of migratory instincts and the migratory

landscape to explore basic assumptions about migratory movement. We hope this initial
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work will lead to new directions in migratory research that consider the geographic
distribution of stopovers in addition to local-scale patterns within stopovers.

Background
Migration Habitats
Every night during spring migration migrant birds leave one stopover, ﬂy as far
north as their energetic condition allows, and select another stopover. To model these
nightly ﬂights, we must ﬁrst create a map of available stopovers. Preliminary selection of
a stopover occurs between midnight and 2 am, and migrants must rely on habitat features
detectable from the air in low light (Martin 1990). Moore and Aborn (2000) note that
migrants track physiographic features (mountain ranges, coastlines, rivers) that serve as
‘leading lines’ inﬂuencing the location and routing of migratory pathways. We
hypothesize that birds also respond to gross differences in landcover such as the difference
between agriculture and forest, and that they use this information to select a daily
stopover.
Existing studies of stopover habitat use have concentrated on ﬁne-scale patterns of
food procurement and resulting energetic condition (e. g. Moore et al. 1990; Winker et al
1992; Weisbrod et al. 1993; Yong et al. 1998; Moore and Aborn 2000) rather than
broad differences assessed by migrants selecting one stopover over another. Virtually

every landbird species that has been studied during migration exhibits nonrandom habitat
use: migrant behavior within stopovers suggests an evaluation of local-scale resources,
and the broad-scale distribution of migrants across many stopovers suggests an evaluation

of regional patterns (Hutto 2000). The fact that migrants congregate in some stopovers
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but not others is well documented, but whether such congregation is based on habitat
selection between stopovers or coincidental grouping along migratory routes has been
neglected in the migration literature.
Migrants have instinctual preferences for overall habitat types (such as forest,
grassland, or wetland) that help them identify locations where their feeding and ﬂight
morphologies are best suited to exploit habitat structure (Petit 2000; Simons et al. 2000).
For forest migrants, regional landcover pattems—such as amount and arrangement of
forest, road density, or extent of agriculture—probably play a signiﬁcant role when
discriminating between forested stopovers (Moore and Aborn 2000; Hutto 2000; Petit
2000). These birds evaluate the available stopovers on the wing at the end of a nightly
ﬂight, and from this vantage they probably cannot evaluate ﬁne-scale habitat differences
(Martin 1990). Migrants may use landcover patterns as a proxy for habitat factors they
are instinctively drawn to when selecting a stopover; larger forests are most likely to
provide optimal habitats for forest migrants.
Migratory Orientation
There is a rich literature on the navigation of birds during migration. Theories
include a solar compass for diurnal migrants (Schmidt-Koenig et al. 1991), a celestial
compass for nocturnal migrants (Wiltschko and Wiltschko 1991), orientation along

Earth’s magnetic ﬁeld (Wiltschko and Wiltschko 1988), olfactory navigation (Papi 1991),
and even response to infrasound emitted by large topographic features such as mountain
ranges (Hagstrum 2000). Although the precise mechanism for navigation remains
unknown—and is likely to vary between species—the ability of migrants to navigate long
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distances accurately between breeding and wintering habitats, and along the way to
navigate between stopovers, is well documented and is supported by many instances of

site ﬁdelity (e.g. Berthold 1993; Schmidt-Koenig et al. 1991; Winker et al. 1991; Nisbet
1969)
The instinctual orientation for any given migrant may be manifest as an inherited
constant compass bearing (Berthold 1991) modiﬁed by random genetic changes that cause
some individuals to follow novel routes (Woodrey 2000). Springtime migrants follow a
‘northward preferred’ migratory direction in the Neotropic-Nearctic migration (Berthold
1996), although speciﬁc orientations vary from northwest to northeast. Orientation for
many species has been studied using Ernlen ﬁrnnels (Emlen 1967a, 1967b), which consist
of a clear-top enclosure lined with an open-bottom white paper ﬁrnnel resting on an ink

pad. Migrants are placed in these enclosures, allowed to View the night sky during periods
of migratory restlessness, and as they hop onto the funnel in an attempt to ﬂy the ink on
their feet records their chosen orientation (see Sandberg et al. 1988 for a thorough
discussion). In many species, these headings are tightly clustered in a direction useﬁrl for
migration (e.g. Moore 1984; Sandberg et. al. 1988, 1991; Sandberg and Moore 1996;

Woodrey 2000).
Analysis of orientation differences by age class show tighter clusters for older
individuals, probably owing to mortality of young birds that follow inappropriate routes
(Moore 1984; Woodrey and Moore 1997; Woodrey 2000). Satellite tracking studies,
using small receivers to track birds during their entire migration, support the enclosure
studies and demonstrate surprisingly straight migratory routes over long distances (e.g.
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Nowak and Berthold 1991). These studies support the idea of an inherited constant-

bearing orientation that is reﬁned within a species through the successful breeding of
surviving birds that follow functional migratory routes (Berthold 1996).
Migratory Duration and Nightly Flight Distances
There are two components to migratory duration: the overall period of migration,
and the length of nightly ﬂights from one stopover site to another. The migration period is
deﬁned by a period of restlessness, known as zugenruhe (Gill 1995), during which
nocturnal migrants show increased activity at night combined with an urge to ﬂy in a
speciﬁc direction. Onset of zugenruhe appears to be tied to day length, climate patterns,
and internal biological rhythms, but the physiological mechanism is well studied for only a
few species (Gill 1995). Most researchers credit the onset and cessation of zugenruhe as
the primary driver deﬁning the overall duration of migration (Wallraff 1991), and thus the
total distance to be traveled (Berthold 1991). Calculating the length of time spent in ﬂight
from one stopover to another is more complicated. The key factor is how far an individual

bird can ﬂy per night, which is dictated by morphological characteristics such as body size,
wing shape, and ﬂight musculature (Pennycuick 1989) combined with energetic condition
(Weber and Houston 1997a) and modiﬁed by external factors such as wind, turbulence,
and weather (Richardson 1991). Nocturnal passerine migration begins just after dusk
during spring, the number of airborne birds peaks at around 10 pm, and migration ﬂights

are nearly complete by 2 a.m.—a ﬂight time of approximately ﬁve to six hours (Moore et
al. 1993). To model migration between stopovers successﬁrlly, we must deﬁne how far a
migrant can ﬂy in that time.
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C.J. Pennycuick pioneered the formulation of ﬂight distance equations based on
physiological factors, and his equations are the basis for most subsequent research in this
area (see especially Pennycuick 1989). Researchers have developed ﬂight equations using
biological optimization models based on factors such as body weight and wing loading
(Weber and Houston 1997a); fuel consumption, ﬁrel use, and the effect of fuel storage on
ﬂight speed (Hedenstrom and Alerstam 1998); the added fuel consumption of migrants
climbing to cruising altitude (Berthold 1996); the optimization of migratory ‘leg length’,
that is, the distance of nightly ﬂights (Weber and Houston 1997a); the inﬂuence of wind
on ﬂight distance (Alerstam and Hedenstrom 1998); and the effect of habitat condition on
ﬂight distance (Weber and Houston 1997b). All of these equations incorporate three basic
components: the energetic condition of individual migrants, the morphological limits on
ﬂight speed for different species, and the reﬁreling rates at individual stopovers. Overall
energetic condition and refueling rates depend on habitat quality in consecutive stopovers
along the route, while morphological limits can be reasonably calculated for a species as a
whole. In this research we use constant-distance nightly ﬂights to simulate equal-leglength migration between optimal stopover habitats, assuming that such habitats provide
optimal reﬁreling for migrants.

Study Area
We modeled migration across thirteen states in the eastern United States (Fig. 1a).
The study area comprises the Environmental Protection Agency (EPA) standard Federal
Regions three and four, although only the northern portion of Florida is included. Most

migrants moving through the eastern United States make landfall either on the shore of the
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Gulf of Mexico or on the shore of the southern Atlantic coast; both are represented here.
This study area includes the eastern half of the Mississippi ﬂyway and all of the southern
portion of the Atlantic ﬂyway, including the Appalachian Mountains and coastal areas

extending north to the DelMarVa peninsula. Parts of ﬁve North American Bird
Conservation Initiative (NABCI) Bird Conservation Regions (BCR) are included (Fig.
1b), representing nearly all of the habitat types eastern migrants are likely to encounter
during overland passage through the eastern United States.
Methods
Deﬁning Suitable Stopovers
We mapped suitable stopovers using data from an earlier study on forest migrants
in the southeastern United States (Chapter 3). In that study, citizen scientists helped us
survey migrant abundance in 129 forest patches of varying quality across the Southeast
during spring migration 1999. Our goal was to quantify the relationship between patchlevel environmental variables and migrant abundance, and we examined variables in the

landscape surrounding each of the 129 patches using a 10-km radius (314 kmz) circle, a
scale used in similar studies (e. g. Flather and Sauer 1996). Twelve variables were found
to be signiﬁcantly related to an index of migrant abundance (Chap. 3, Table 4). Our
ﬁndings suggest that migrants favor intact forests with low fragmentation embedded in a

landscape with relatively little agriculture or human development. For our migration
models, we need to represent the eastern United States as a continuous landscape that
embodies habitat condition at the scale of our survey analysis. We use 314 km2 hexagons,
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which approximate the circles used in our earlier analysis but can be packed to form a
continuous landscape.
In the current study, we are interested in selecting a parsimonious collection of
variables that capture the habitat qualities most important to forest migrants choosing
nightly stopovers. We selected: local forest density, measured continuously across the

landscape using a 65 ha sliding window algorithm and summarized into a single value for
each hexagon; percent agriculture (crops and pasture) in the landscape, measured as the
proportion of landcover in a hexagon that is agriculture; and road density as a proxy of
human development, measured as kilometers of road length per square kilometer.
Although forest area density and percent agriculture are obviously related, we found a
strong negative relationship between migrant abundance and percent agriculture that was
not explained by a simple lack of forest (Chapter 3), which suggests that forest migrants
avoid agricultural landcover.
These variables provide a simple index of stopover quality along the migratory
route, and we understand that a more complex set of variables at multiple scales could
provide a more robust picture of stopover use and distribution. Our goal, however, is to
test assumptions about movement across the landscape, and this simple regional view is
best suited for that purpose. The implications and patterns of these variables are easily
understood and effectively portray gross differences in habitat quality across vast regions.
Abundance measures during migration are problematic (Moore et al. 1993), and
we hesitate to attempt to model actual migrant numbers. We are more interested in
exploring relative differences across the landscape, ranking habitat areas rather than
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predicting an absolute measure of migrants. A ranking approach works well in broad-

scale environmental analysis (Jones et al. 1997; O’Connell et al. 1998; Wickham et al.
1999). For each habitat variable (forest density, percent agriculture, road density) we
developed an index such that an equal number of hexagons fell into each of three condition

classes (optimal = 3, intermediate = 2, sub-optimal = 1). We then combined all rankings
into a single relative measure of habitat quality by adding the numbers representing the
condition class of each variable in a particular hexagon: values 1—3 represent sub-optimal
stopovers, 4—6 represent intermediate stopovers, and 7—9 represent optimal stopovers.
This simple index does a good job of reﬂecting gross differences across the landscape

(Fig. 22).
We assume that the upper ranks of our habitat index comprise the best available
stopovers in the Eastern landscape, and that successively lower rankings increase the
probability of mortality or decreased breeding ﬁtness. The goal of biological conservation

is to insure the long-term survival of species; during migration, this means identifying and
conserving the suite of optimal stopovers that are likely to remain stable and support
migration pathways for ﬁrture generations. Therefore we deﬁned suitable habitats as those
hexagons in the ‘optimal’ habitat ranking; all other hexagons were classiﬁed as nonhabitat. The result is a simple view of the landscape that we use to explore whether ﬁxed

orientation ﬂight and ﬁxed nightly ﬂight distances can describe pathways connecting prime
stopovers, ensuring successful migration for the highest possible number of migrants now
and into the future.
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Habitat Condition

Figure 22: Habitat condition index, based on local forest density, percent agriculture,
and road density.
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Modeling Migratory Flights
To model migration across the landscape we deﬁned every hexagon along the Gulf
margin of the study area, and along the Atlantic margin north through South Carolina, as a
starting location for migration. We used every border hexagon regardless of habitat
condition, recognizing that migrants at the end of a trans-Gulf ﬂight are in a uniquely
depleted energetic condition and use a remarkable variety of habitats and habitat
conditions (Moore et al. 1995). After birds make landfall and move inland, migratory
ﬂights are shorter, and migrants can focus on ﬁnding the best habitats at the end of each
nightly ﬂight.
Many migrants exhibit year-to-year site ﬁdelity and highly clustered migratory
directions, suggesting that they migrate along ﬁxed orientation headings. We test the
viability of constant orientation between optimal stopovers. Research on biological
optimization of fuel and metabolism during migration suggests that migratory journeys
with equal nightly ﬂight distances are the best strategy for maximizing breeding condition
and minimizing time spent en route (Weber and Houston 1997b). We examine whether
the current geography of remaining optimal habitat can support consistent nightly ﬂights
across the eastern United States landscape. Our goal is to test the hypothesis that current
theories of migratory behavior can describe a successﬁrl migration across the modern

landscape, relying solely on an inherited migratory orientation combined with a ﬁxed
nightly migratory ﬂight distance.
Each modeling investigation represents a different migratory strategy deﬁned by
compass heading combined with nightly ﬂight distance. We assigned a constant compass
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heading and a constant nightly ﬂight distance to modeled birds and modeled their
movement across the landscape using an algorithm we developed within the Arc/Info
Geographic Information System (GIS; Esri 2001).

Distance estimates are based on

research by Simons et al. (2000), who use equations developed by Pennycuick (1989) to
compute ﬂight distances for migrants banded on the Gulf Coast. We averaged their
results for many species of forest migrants, then separately modeled ﬂights for migrants in
average energetic condition (140—150 km), low energetic condition (90—100 km), and
excellent energetic condition (190—200 km). In these models, we assume that overall
energetic condition will remain constant throughout migration as migrants minimize time
spent at individual stopovers and thus never re-gain enough stored fat to move into a

higher condition class. We combine distance estimates with ﬁxed orientations
representing a variety of northward-trending migratory pathways: northeast-bound
migrants (20—60 degree azimuth), northbound migrants (340—20 degree azimuth), and
northwest-bound migrants (3 00—340 degree azimuth). These combinations yield a total of

nine model iterations.
We ran a second group of modeling investigations to assess how variations in
migration strategies, deﬁned by combinations of shorter and longer ﬂight distances and
more varied orientations, create heavy use of certain optimal stopovers through the
overlap of migratory pathways. We hypothesize that some stopovers are important to

large numbers of migrants in varied energetic conditions and using varied compass
bearings, owing to an overlap of migratory routes. That is, birds of unrelated cohorts may
arrive at the same point on the landscape from different starting locations, following
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different pathways and covering different nightly ﬂight distances, making those locations
critically important to many different bird populations. To model this possible
phenomenon for north, northwest, and northeast trending migrants, we started with a
narrow window of migratory direction (3 50—10, 35—55, 305—325 degree azimuth,
respectively). We then widened the spread by 20 degrees (e. g. 340—20, 25—65, 295—335)
for each nightly iteration to a maximum 80 degree azimuth window around north,
northwest, and northeast. For each azimuth combination, we used ever widening ﬂight
distances (130—150, 120—160, 110—170, 100—180 kilometers) to simulate birds in a broad

array of energetic conditions. We then overlaid these sets of analyses to create maps of
overlapping habitat use for each initial direction, and an overall use map combining all
iterations of the model. These maps highlight portions of the modern stopover landscape
where large numbers of forest migrants may congregate during spring migration.
Results

Fixed-Distance and Fixed-Orientation Migration—Individual Models
We ran nine iterations of the ﬁxed distance and direction models (Table 9).
For each set of parameters, we show the number of coastal starting points delimiting
pathways that: failed immediately (no additional habitats selected); failed in the ﬁrst,
second, or ﬁnal third of the pathway (measured as distance from the starting point);
successﬁrlly completed migration (subsequent ﬂights would select habitat beyond the
northern border of the study area); or were not applicable (e. g., hexagons on the eastern
shore migrating east). In every case, an increase in ﬂight distance (energetic condition)
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Table 9: Efﬁcacy of ﬁxed-distance, ﬁxed-orientation migration from landfall points
in southeastern North America.
Outcome ofmigration pathway

Migration
Parameters

Failed
immediately

Failed
1" Third

Failed
2"" Third

Failed
3rd Third

Successful

Not
Applicable

Northwest

90-100km
l40-150km
190-200km

11.7% (12)
14.7% (15)
2.9% (3)

19.6% (20) 6.8% (7)
3.9% (4)
1% (1)
0% (0)
1% (1)

10.7% (11)
20.5% (21)
4.9% (5)

41.1% (42)
51.9% (53)
81.4% (83)

9.8% (10)
7.8% (8)
9.8% (10)

12.7%(13)
12.7% (13)
2.0% (2)

13.7% (14) 9.8% (10) 12.7%(13)
2.9% (3) 2.0% (2)
4.9% (5)
0.0% (0) 0.0% (0) 10.8% (11)

50.0% (51)
76.5% (78)
82.4% (84)

1.0%(1)
1.0% (1)
4.9% (5)

81.4% (83)
90.2% (92)
95.1% (97)

5.9% (6)
5.9% (6)
2.9% (3)

North

90—100km
140—150km
190-200km
Northeast

90—100km
140-150km
190—200km
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5.9% (6)
3.9% (4)
2.0% (2)

4.9% (5) 2.0%(2)
0.0% (0) 0.0% (0)
0.0% (0) 0.0% (0)

0.0% (0)
0.0% (0)
0.0% (0)

yields an increase in successﬁrl pathways. Northeasterly migrations have signiﬁcantly
more successful pathways for all distances.

Figures 23, 24, and 25 show the spatial pattern of success and failure at all
starting points for northwest, north, and northeast migration. Note the clusters of failed
starting points in each set of maps, and the reduced sizes of clusters as migratory distance
increases. Compare these ﬁgures to the pattern of optimal habitat shown in Figure 26 and
the pattern of areas where habitat is lacking. Areas where signiﬁcant numbers of pathways
failed are highlighted with a numbered oval. Other areas of suboptimal habitat, such as the
areas northeast of ovals three and four, were not signiﬁcant barriers only because
pathways failed before reaching those points.
Collective Models
For each overall migratory direction—northwest, north, northeast—we ran 16
combinations of compass heading and nightly ﬂight distance and reported results as the
number of models that selected a particular hexagon as a stopover (Figs. 27, 28, & 29).
Notice the clustered patterns of high use in each of the maps; these are locations where
many iterations overlap, representing birds in different energetic conditions and with
different migratory directions. Northwest trending birds cluster in the southwest and in
identiﬁable bands through the central portion of the study area. Northbound birds also
cluster in the southwest, with smaller clusters scattered across the study area. Northeast
trending birds cluster all along the northeast-southwest axis of the Appalachians, with a
great deal of overlap at many locations across the landscape.
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Figure 23: Northwest migration. Colors indicate the modeled
ability of birds making landfall to complete migration
from that location. ‘First Third’, etc., refers to the

distance along the migration path where the route failed.
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Figure 24: North migration. Colors indicate the modeled ability of birds
making landfall to complete migration from that location.
‘First Third’, etc., refers to the distance along the migration
path where the route failed.
105

South
Carolina

Mississippi
Alabama

Georgia

""
'

Northeast
90-100 Km

Northeast

140-150 Km

Northeast
190-200 Km

Migration Disposition

”5?; Failed in First Third
iii;

- Failed in Second Third
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‘First Third’, etc., refers to the distance along the migration

path where the route failed.
106

o

O 0' oO
-.

C

Q...

Q....
I a. o0C0.Q
0' Qo.0
9'80'3"o:::.'0'3':o::°‘

o

)

Figure 26: Key loca
tions where a lack of
optimal habitat resu
of modeled migrator
lts in the failure
y pathways.

107

0

Starting Locations

Figure 27: Habitat area use modeled for northwest-bound (azimuth 275-355) migration

for all distance iterations (100-200 km nightly ﬂights).
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Figure 28: Habitat area use modeled for northbound (azimuth 320-40) migration for all

distance iterations (100-200 km nightly ﬂights).

109

°

Starting Locations

Figure 29: Habitat area use modeled for northeast-bound (azimuth 5-85) migration for all
distance iterations (100-200 km nightly ﬂights).

110

We also combined all 48 iterations of the collective models to identify locations
where birds of all migratory orientations and energetic conditions tend to congregate (Fig.

30). There is a strong pattern of overlapping bands in the southwest, and it is likely that
this trend would continue eastward if not for the lack of habitat at location ﬁve in Figure

26. The Appalachians also show a strong overlapping pattern, particularly in the southern
Appalachians.
Discussion
Fixed-Distance and Fixed-Orientation Migration in the Eastern United States
Our model runs strongly suggest that ﬁxed-distance and ﬁxed-orientation

migration throughout the eastern United States is viable given the modern distribution of
optimal stopovers. Higher energetic condition, and thus longer nightly ﬂight distances,
increases the chance of success; migrants ﬂying 190—200 kilometers per night are
successﬁrl along most routes, and success declines with decreasing ﬂight distance. Longer
ﬂights also yield a shorter overall migration, increasing chances for survival and enabling

adult birds to establish prime breeding territories. Several studies have reported an
average ﬂight distance of 140—150 km for passerine migrants (Berthold 1993; Alerstam
1990; Simons et al. 2000); our ﬁndings suggest that many pathways are viable across the
modern habitat landscape. For our models, we use only hexagons immediately adjacent to

the coast. In reality, migrants often overﬂy the coast and select a stopover farther inland
(Moore and Kerlinger 1987). These inland sites would yield slightly different migration
pathways, but the overall patterns we report would remain.

lll

Figure 30: Modeled habitat area use for all combinations of migration distance
and direction.

112

Note the successﬁrl pathways along the eastern shore which would lead to
migration over the Atlantic. We assume that birds will alter their headings in extreme
cases, such as ﬂying out over the ocean; although we don’t model that behavior, we

record those paths as successful. This behavior also assumes that birds can ﬁnd stopovers
in coastal areas, which is realistic given the variety of habitats migrant birds use when
confronted with large geographic barriers like the Atlantic Ocean (e. g. Moore et al. 1995).
This forced shift in direction may yield the large numbers of birds seen in areas such as the
DelMarVa peninsula east of the Chesapeake bay (Mabey et al. 1993), an area where few
species make landfall, and where we would not normally expect to ﬁnd migrants that made
landfall along the Gulf Coast or along the southern Atlantic Coast.
A northeast-bound orientation yields more successﬁrl pathways than northwest or
north orientations. Optimal habitats in the eastern United States follow a northeastsouthwest axis, particularly through the Appalachian Mountains, which other researchers
have noted as an important feature of the migration landscape (Berthold 1993). For all
orientation scenarios, many pathways beginning in the panhandle region of Florida fail in
area ﬁve of Figure 26. Areas three, four, and ﬁve account for most failed migration
pathways, although extensive agriculture in the Mississippi Alluvial Valley (area 1) and the
Central Hardwoods (area 2) also has a signiﬁcant impact. Our theoretical models of
migration indicate that migrants may beneﬁt from an increase in forest landcover in the
heavily agricultural regions of the Southeast, especially in areas highlighted in Figure 26,
thus increasing the probability that a migrant will encounter suitable stopover habitat.
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We model migration across a modern landscape deﬁned by gross differences in
habitat; our results alone should not be used to assess stopover quality or migration

viability at speciﬁc locations. Rather, these models are a way for us to begin exploring
how migration may be inﬂuenced by regional patterns of habitat and differences in
migration strategies. For example, the high-quality stopovers between areas three and
four (Fig. 26) are relatively unused because the migration paths lading to them are

interrupted by sub-optimal stopovers. These habitats may be underutilized because
migrants simply “can’t get there from here,” a pattern also seen in other parts of the
landscape. Conservationists must start to think of habitat in these terms, to insure that
stopovers exist all along the migratory pathway at intervals useful to migrants making
daily stopovers.
Collective Modeling ofMigration Direction and Duration
The collective models suggest that the modern landscape is better able to support
northeast-bound birds in high energetic condition. Northwest bound birds may also be

fairly successﬁrl because of fortuitous spacing of northeast-southwest trending optimal
stopovers. Northbound birds may be least adapted to the current landscape, particularly

birds in poor energetic condition (this is also seen in Fig. 24). For both northwest- and
northeast-bound modeled birds (Figs. 27 & 29), note the large number of stopovers that
harbor migrants from different model iterations. This pattern is created by the overlap of

different pathways deﬁned by different starting locations with varied orientations and ﬂight
distances. That is, modeled birds leave from different coastal areas, ﬂy along different
orientations for different lengths of time, and arrive at the same stopover. These modeled
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patterns resemble patterns seen in nature. Stopovers harboring individuals following

different pathways may provide resiliency to migratory species by accommodating many
combinations of orientation and ﬂight distance, preserving the genetic diversity of migrant
populations. Figure 30 shows the overlap of all collective modeling runs, showing
pathways deﬁned by all combinations of orientation and ﬂight distance. Most stopovers

from Kentucky southward are accessible by at least half of the migration scenarios we
model. In the real world, these areas may be used by a majority of birds during migration,
regardless of energetic condition or migratory orientation.
We hypothesize that the overlapping pathways seen in our models illustrate a real
phenomenon called broad front migration (Hutto 2000): migration patterns seem to cover
the landscape. Migrating passerines appear to ‘ﬂow’ across areas of abundant habitat in
broad patterns, showing no apparent preference for a speciﬁc migration corridor (Berthold
1993). Radar images of airborne migrants support this scenario (Tankersley, unpublished
data), and on any given night during spring migration the sky is awash with birds at all

locations. An observer on the ground may see a variety of species and high numbers of
birds overall; it is reasonable to conclude that this collection of birds traveled together
from the same area and covered the same distance during the previous night. Our models
suggest a more complicated pattern: broad front migration may embody a web of
individual migratory pathways, each with speciﬁc and limited migratory parameters.
Berthold (1993) points out that the migration of individual populations moving in parallel
may give the appearance of broad front migration; Figure 31 illustrates why the patterns
may appear similar. In part A, we see a typical preconception of broad front migration as
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Figure 31: Illustration of broad-front migration (A) and overlapping migration
pathways (B). Mass movement of birds along similar orientation
headings, but beginning nightly ﬂights from different locations, creates
the broad front pattern seen in A. Groups of birds moving along

different orientation headings, from different starting locations and
with different nightly ﬂight distances, can arrive at the same locations

and ultimately create the same pattern when viewed by radar or from
the ground (B).
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radiating bands moving northward from coastal areas. Part B shows how individual,
speciﬁcally deﬁned pathways (representing different populations) could overlap to create
the same pattern. Even radar images would not distinguish between these patterns.

The difference between broad front migration and a web of directed migration has
profound conservation implications. Broad front migration would involve birds from
many different populations moving together across the landscape, separating to different
breeding grounds only at the end of migration; a collection of individual pathways would
involve many different populations migrating in slightly different ways throughout their
migration. Rather than a broad surface of stopovers used by all populations, we may have
a collection of adjacent stopovers supporting different populations of the same species or
groups of species. With a broad surface, we could reasonably expect to remove an
individual high quality habitat area from a cluster of such areas with little effect on migrant
populations; with adjacent stopovers, we may be disproportionately impacting a speciﬁc
breeding population. Given the inheritability of migratory parameters (Berthold 1988;
Kerlinger 1995 ; Hutto 1985), habitat alteration in this scenario could compress a species
toward using relatively fewer migratory corridors and increase the chance that further
habitat alteration en route could bring about a catastrophic population reduction for
particular breeding populations. This scenario could partially explain the geographic
patterns of migrant population decline seen in the BBS data (Villard and Maurer 1996).
Our conservation strategy needs to reinforce the importance of individual stopovers,
rather than dismissing local habitat loss as inconsequential in light of other, perhaps larger
habitat areas elsewhere.
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Reﬁning Movement Models
The inclusion of a particular hexagon in any of our analysis pathways reﬂects the
results of a simpliﬁed model that cannot hope to capture the subtleties of real-world
stopover conditions. Some stopovers are more suitable than others, providing food and
rest for many individuals and insuring the stability of migrant populations. Others are only
marginally suitable owing to factors we cannot capture at the scale of our analysis. Actual
patterns of survivorship will require more intensive study at many locations
simultaneously. Furthermore, some of the pathways are simply too convoluted to be
realistic, an artifact of our modeling technique that has some birds following pathways that
connect isolated stopovers that are unlikely to be encountered in precisely the right
sequence in nature. We present a regional geography of stopover habitat, classifying all
stopovers using the same schema and modeling possible pathways. This regional picture
is useﬁil for organizing research and conservation of migrant pathways across large
portions of the landscape, but real-world migratory behavior is obviously much more
complicated.

As our data collection and computer analysis capabilities improve, we should be
able to reﬁne our models to capture other aspects of migration and move closer to reality.
There are several areas where reﬁnements are possible in the near ﬁrture:
1) Fuel consumption, fuel reserves, and migratoryﬂight distance—We model ﬁxed
ﬂight distances based on perfect reﬁreling at optimal stopovers; we also assume that the

overall energetic condition of individual birds cannot improve or decline en route. A more
accurate model would represent differences in refueling rates in different habitats, and
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adjust nightly ﬂight distance accordingly. Research on biological optimization modeling
supports this idea and notes that, while equal length migratory ‘legs’ are the best strategy,
they may not always be practical (Weber and Houston 1997a). As energetic conditions
change along the route in response to resource availability, nightly ﬂight distance will
change and alter the pattern of stopover use along the migratory route. Differences in

refueling rates are both random, in the sense that habitats at any location may be optimal
or poor, and systematic—food availability in spring decreases monotonically farther
northward (Alerstam and Hedenstrom 1998), and human development degrades habitats in
predictable patterns. Both situations can be modeled, with ﬂight distance deﬁned by the
quality of habitat occupied the previous day.
2) Complex Navigation—We also model only ﬁxed orientation, although we do use a
‘window’ of direction to allow for compensated drift from night to night. Birds probably
supplement their inherited migratory'orientation with visual cues and knowledge of
speciﬁc locations. Leading lines in the landscape—such as river corridors, mountain
ranges, and coastlines—may augment innate directional cues as birds start out on a
compass bearing and then follow visible landmarks (Moore and Aborn 2000). Real birds
may also use a disjunct mental map that joins disparate, well-known habitats with a known
ﬂight distance to create a less complex yet complete mental image of the landscape
(Berthold 1996); in extreme cases, migrants may alter their orientation heading en route
in response to large physiographic barriers (Baker 1984). Different model scenarios could
account for speciﬁc physiography and explore how mountain ranges, large water bodies,
or sprawling metropolitan areas inﬂuence constant orientation pathways.
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3) Weather—Weather is important during migration, both as a constant moderating
inﬂuence in the form of prevailing winds and as an occasional disturbance such as an
extreme storm (Moore et. al. 1993; Moore and Simons 1992; Richardson 1991). Our
models do not account for wind and associated migratory drift; in many cases migrants
compensate for wind drift both on the wing and during morning ﬂights, ultimately yielding
constant bearing courses like the ones used here (Berthold 1996; see also Richardson
1991). Prevailing winds may inﬂuence continent-wide, seasonal differences in migratory
routes (Moore et al. 1993), yet have little inﬂuence on individual pathways. Extreme
events may shut down migration altogether, and in rare cases divert migrants to distant
locations. In most cases migrants probably wait until the storm passes, and then migrate
along the trailing edge where conditions are favorable. Migratory behavioral systems may
account for weather, with most individuals following innate cues for habitat, direction, and
duration with relatively little alteration attributable to weather. At this point, we need
more research on the broad-scale implications of weather patterns during migration, and
how those patterns may affect the locations of migratory pathways.
4) Model scale and landscape representation—We model the landscape as average
habitat condition within broad hexagonal areas. Now that we have shown how ﬁxed
migratory parameters may govern migratory ﬂights, we can develop a more continuous
map that captures habitat subtleties at the level of individual stopovers, providing a
continuous measure of habitat quality rather than a binomial representation of habitat as
optimal or absent. Our present models do not account for the degree of success for each

migratory route, and we model some routes where success depends on all birds passing
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through one stopover area; this is unlikely in nature, given the variety of possible
orientations and ﬂight distances. The models could be reﬁned by simulating a given
number of birds at the start of the journey, calculating their continued health and

survivorship at each stopover based on habitat quality, and noting the number of birds that
eventually complete the journey. By creating a continuous habitat map, and accounting
for differential success and survivorship in various qualities of habitat, we can more
realistically model movement between speciﬁc stopovers and reﬁne our understanding of
how and where paths may fail on the modern landscape.
Map projections may also play a key role in reﬁning the migration picture. In our
models, movement follows straight-line compass directions across the landscape, using a
projection suitable for sub-continental sized areas. This projection does not allow us to
represent great circle (orthodrome) routes across the globe easily; birds may follow such
routes as the shortest distance between two points (Alerstam and Hedenstrom 1998).
There is some debate about whether all birds use great circle routes (Alerstam and
Hedenstrom 1998), and using a more suitable map projection—such as an orthographic
projection that better represents the curvature of the earth—could help us to explore other
scenarios, including migration along magnetic declination lines. As Gudmundsson and
Alerstam (1998) note, the use of different map projections may be a powerﬁrl tool for
examining assumptions about migratory orientation.
Conclusion
Models of migration ﬂights deﬁned by parameters governing migratory orientation
and distance demonstrate viable pathways across the existing landscape of remaining
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optimal habitats in the eastern United States. More energetic individuals are better able to
exploit the current habitat conﬁguration, and individuals migrating northeast are apt to
encounter a wider selection of stopovers at all distances along the pathway. Our results
are preliminary, but they do help us to understand regional dynamics of stopover
availability and possible migratory movement scenarios. It is likely that migrant species
are constantly reﬁning their inherited migratory parameters as speciﬁc pathways insure the
survival of many breeding adults that pass on their migratory traits. In every generation,
some individuals will follow slightly different pathways deﬁned by variations in the
orientation ofjuvenile birds (Woodrey 2000), enabling the species to sample new routes.
This sampling may enable migrant species to adapt rapidly to environmental changes,
altering entire pathways and changing the population dynamics of breeding areas.
We need more broad-scale migration research. Habitat relationships at regional
scales are still poorly understood, and we need more research programs that sample many
different stopovers across the landscape to uncover how migrants distinguish among

forested stopovers. In the future, perhaps new technologies such as satellite tracking
(Nowak and Berthold 1991) and isotope analysis (Marra et al. 1998) will provide hard
evidence of pathways connecting speciﬁc stopovers. Until then, we must continue with
focused projects that ask small parts of larger questions concerning migration and use
modeling to test assumptions and reﬁne migration theory.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE RESEARCH
The Geography of Migration
Research in stopover ecology has grown steadily since the introduction of that

term in the early 1990s marked a shift from general habitat studies during migration to a
focused examination of how events during migration affect the biology of migrant species
year round. Researchers have noted an absence of broad-scale, geographic research
concerning the location, composition, and spatial arrangement of stopovers (e. g. Winker
et al. 1991; Moore and Simons 1992; Moore et al. 1993; Weisbrod et al. 1993; Winker
et al. 1992). Although research in stopover ecology has seen signiﬁcant advances in most
areas of migration—including migratory orientation (Sandberg and Moore 1996), genetics
(Berthold 1996), evolution (Williams and Webb 1996), age-dependent aspects (Woodrey
2000), behavioral plasticity (Parrish 2000), habitat restoration (Barrow et al. 2000), the
inﬂuence of landcover pattern on habitat selection within stopovers (Simons et al. 2000),
and fascinating work on isotopic habitat markers in migrating birds (Marra et al. 1998)——
the most recent papers still note an absence of research on the composition and location of
stopovers across the length and breadth of the migratory route. The research presented in
this dissertation was undertaken explicitly to address this gap in migration studies, to
spark debate about methods and approaches, and to serve as an initial standard for ﬁrture
broad-scale research.
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The geography of migration, as deﬁned and presented in this research, includes the
composition and spatial arrangement of potential stopovers and the migratory pathways
between stopovers. Stopover selection is hierarchical (sensu Johnson 1980; Hutto 1985),
and research at any level of the hierarchy contributes to our understanding of habitat use
during migration. Migration geography focuses on higher levels in an attempt to quantify

habitat factors at a scale suitable for describing entire stopovers, rather than lower levels
that describe habitat quality differences within stopovers. Allen et al. (1987) provided a
useﬁrl model of hierarchical organization that describes how one’s perspective changes as
the location of one’s eyes changes. This model may help us understand how habitat varies
within and among stopovers, as in the following narrative:
Imagine you are a migrant bird seeking habitat. Within a forest patch, you see
variations in tree height, understory density, canopy closure, species diversity, and other
factors important for ﬁnding the next juicy caterpillar or a good resting site; but you can
tell almost nothing about the habitat quality of a forest patch 200 meters away. Now ﬂy
above the forest canopy, and the picture changes. You have moved to the next level of
habitat organization and can no longer see into the patch. Rather, you see the nearby
collection of patches—that may vary in size, shape, amount of forest, and degree of
disturbance—in the surrounding landscape. Now you can tell that the patch 200 meters
away is actually better habitat, because you and your ancestors have been around long

enough to make the connection between the appearance of habitat from a distance and the
number of caterpillars or predators awaiting you within.
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When night comes, you set your compass using the geomagnetics of the earth, or

the diffusion of light from the setting sun, or the pattern of stars above, and set off toward
your breeding home in the north. You ﬂy a few hours, covering whatever distance your

fuel load will allow, and arrive at a place you may never have been; but even in low light
you can recognize the same overall habitat differences in this new collection of patches,

and you quickly pick an area that is likely to have good feeding and few cats. Dropping
below the canopy, you lose sight of differences between patches; if this place turns out to
be poor habitat, you will have to check out nearby patches when the sun comes up.
So the theory goes; in reality, we may never know precisely how migrants make

habitat decisions, either within stopovers or between stopovers scattered across the
landscape. They probably don’t experience the sharp, passing-through-a-surface shift in
perception depicted above, and may in fact experience habitat as a continuous fabric of
resources woven together to create an interpretable surface that works at all levels of
organization. The narrative model does, however, provide a useﬁrl description of the

different levels of research concerning stopover habitats.
The geography of migration concerns factors assessed by a bird selecting one
stopover ﬁom a collection of nearby stopovers. My results quantify the relationship
between patch-level habitat factors and the abundance of Neotropical forest migrants in
128 forest patches across the Southeast. The results from that analysis suggest some

important species/habitat relationships, summarized below:
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1) Within stopovers, forest migrants avoid forests that have a dense understory of
saplings or deciduous shrubs. They also avoid coniferous canopy cover. They
exhibit no response to canopy height.
2) When selecting between stopovers, forest migrants prefer dense, relatively
unfragmented forests with a simple patch boundary and a high percentage of
forest in the surrounding landscape. Again, coniferous forest cover seems to
be avoided.
3) Migrants avoid forested stopovers that are close to strongly human-altered
landscapes, such as: extensive agriculture; high road density (possibly a
measure of urban development); and corridors of forest along streams and
rivers that are interrupted by agricultural landcover.
A signiﬁcant drawback to this analysis is the use of abundance as a measure of habitat
quality (sensu Van Home 1983; Morrison 1992). There are excellent studies on feeding
rates in different stopovers across the landscape (e. g. Winker et al. 1992; Yong et al.
1998; Kelly et al. 1999). Future studies of feeding rates and weight gain at many sites
within a single migration season could reﬁne the habitat relationships I found using
abundance measures. Ultimately, we have no direct evidence about how variations in
stopover habitat affect breeding success and survival, although there are strong indications

that mortality during migration is signiﬁcant (Hutto 2000) and that delayed arrival on the
breeding grounds impacts breeding success (Kokko 1999). We are unlikely to see direct

linkages in the near future except through the advance of new technologies such as isotope

126

analysis of chemicals found in bird feathers, which ties birds to speciﬁc habitats (Marra et

al. 1998).
To reﬁne this analysis, I need both a wider selection of stopovers and multiple

visits to each stopover, preferably on the same dates during migration for a more rigorous
comparison between locales. This task is prohibitively expensive but could be undertaken
by institutions such as the Cornell Laboratory of Ornithology, which uses citizen scientists
to develop multi-year, national-scale avian databases. My approach and techniques serve
as a template for research across the breadth of stopovers used by forest migrants and
other migrant species.
Although the research presented in Chapter 3 provides some key answers about
the relationship between stopovers and migrant abundance, it does little to describe the
distribution of stopovers across the landscape or the functionality of migratory corridors.
Chapter 4 addressed this topic with an analysis of migration pathways based on models of
ﬁxed-distance and ﬁxed-orientation nightly ﬂights between optimal stopovers. In that
analysis I found that the type of simple, inherited migratory program described in the
current literature is sufficient for migration through the eastern United States. The spatial
arrangement of stopovers across the modern landscape encourages longer nightly ﬂights in
a northeasterly direction, and there are signiﬁcant portions of the landscape——primarily in
the heavily agricultural Coastal Plain—with almost no optimal stopovers. These ﬁndings
are new and are a unique contribution to stopover ecology: the study of migration in both
habitat and spatial terms simultaneously. Until now, researchers simply never looked at
migration in truly broad spatial terms. My geographic study of migration addresses a
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small selection of habitat features, presents a simple view of migration itself, and focuses

on one avian guild. Nevertheless the correlations between migrant abundance and habitat
variables suggest some important relationships, and I hope this research will spark ﬁrrther
regional and continental scale migration research of other bird guilds, and ultimately other
migrating animals.

Conservation Implications
If we can identify overall differences between stopovers, we can also address how
habitat alteration and increased human development will affect individual stopovers and
the spatial arrangement of stopovers across the landscape. I have identiﬁed habitat
variables that can be used to identify patches of forest habitat that are currently useful as
stopovers. Those patches are vulnerable to a number of human actions:
1) Replacement of the entire patch with a landcover or habitat type not useﬁrl to
forest migrants, removing the stopover and causing a break in the continuity of
pathways using that stopover.
2) Removal of some portion of the stopover either through fragmentation of the
interior or encroachment on the edges, effectively reducing the amount of
available habitat and reducing the number of migrants accommodated.
3) Changing the makeup and structure of the forest through logging or other
management. For example, clearing a forest which is then replaced by a dense,
even-aged forest plantation that is less suitable to migrants.
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4) Altering the landscape matrix by increasing the amount of agriculture, urban
development, or other landcover that has an indirect impact on the stopover
through either increased predator density or reduced food availability.
5) Precipitating regional changes in stopover composition or quality through
climate change, increased regional air pollution, or other factors that have a
direct impact on forest condition.
6) Altering the spatial arrangement of stopovers farther ‘upstream’ (earlier in the
migration pathway) in a way that prevents migrants from reaching quality
stopovers.
Human alteration of habitats may entail subtle effects. As Hutto (2000) notes, habitat
alteration often uncouples normally co-occurring habitat elements, creating habitats where
stopover-level habitat cues no longer indicate suitable habitat within stopovers. Our
imagined bird may thus select a habitat based on learned and inherited associations with
landcover patterns, only to ﬁnd that the stopover has changed in more fundamental ways,

and there are now lots of cats and few caterpillars. A bird may be attracted to a site with
appropriate proximate cues only to ﬁnd inadequate resources on-site.
Conservation and management must proceed with a clear understanding of the
regional patterns of stopover habitat, but most of the habitat alteration scenarios presented
above occur on a local scale. This dissertation is a ﬁrst step in describing the regional
picture, providing a solid framework for the organization and grouping of more local-scale
research and conservation at speciﬁc locations. Although federal agencies can undertake
some conservation planning at a national scale—such as the highly successful multi-agency
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Partners in Flight research and conservation plans—most work is done at the city or
county level, driven by ecotourism or grass-roots conservation. For these programs to
succeed in conserving migrant bird populations and habitats, they must combine local
considerations with an understanding of habitat availability and alteration at a regional
scale.
Birdwatching is the fastest growing hobby in the United States, with an estimated
63 million participants in 1996; 25 million of those participants traveled to watch birds
(American Bird Conservancy 1997). One in three Americans watches birds, representing
most demographic groups; that means one in three of your neighbors wants more birds in
his or her yard and more opportunities to travel to prime birdwatching locations. In 1996,
birders spent $5.2 billion on goods and services related to bird feeding and watching,
supported 191,000 jobs related to non-consumptive bird use, and contributed over $1
billion in combined state and federal taxes (American Bird Conservancy 1997).
Birdwatchers are becoming a signiﬁcant political force, and this level of involvement in
any arena can bring about meaningﬁrl national change. As George Fenwick, president of
the American Bird Conservancy, notes, “The squeaky wheel gets the oil. . .let there be the
sound of 63 million birders supporting conservation in unison.” Perhaps birdwatchers will
provide the impetus for the creation of what Aldo Leopold (1949) called a ‘conservation
ethic.’
Birdwatchers are already bringing about signiﬁcant change in locales across the
country, including the creation and maintenance of natural areas, ‘green’ development
planning with watchdog groups monitoring new development, and local ordinances
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governing the design and placement of communications towers. Most of these activities

focus exclusively on local patterns of habitat and land planning, with no attention or
concern for more regional patterns. One explanation for this inattention is simply that,
until recently, the necessary information did not exist. If researchers can communicate
the degree to which stopovers at one location depend on the surrounding landscape, the

condition of stopovers in the next county, and the location of migratory ﬂyways across the
continent, we may bring about a shift in how US. citizens think about development and
natural resource planning.
The Conservation and Reinvestment Act (CARA) is historic conservation
legislation presently before the US. Congress (HR. 701) that provides $3.1 billion
annually to state, federal and local conservation programs. CARA is ﬁrnded by a portion
of the income from offshore oil drilling, and will be distributed through state governmental
agencies. Last year, all 50 governors endorsed CARA, and it currently has strong support
in the both the House of Representatives and the Senate. To be successful, CARA
requires cooperation and management across state boundaries; if passed, it will embody a
new perspective on conservation. Imagine the political signiﬁcance of a Virginia Senator
confronting a North Carolina Senator on issues of regional conservation planning because
the destruction of natural areas in North Carolina is negating Virginia’s costly efforts at
habitat conservation, reducing the migrant bird population and impacting Virginia’s

ecotourism. We are a long way from the scientiﬁc evidence needed tosupport that kind
of allegation, but the research presented here lays the groundwork for thinking about
conservation in those terms.
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Applications of this Research
Regional Vulnerability Assessment
The research presented in this dissertation was ﬁinded by the Environmental
Protection Agency (EPA) as part of an Office of Research and Development program on
Regional Vulnerability Assessment (ReVA). ReVA is an interdisciplinary research
program developed to examine the regional-scale interaction between environmental
resources (e. g. natural landcover, water quality, forest health) and environmental stressors
(e.g. air and water pollution, urban sprawl, forest fragmentation), to highlight portions of
the landscape where targeted conservation or restoration programs can have the greatest
environmental impact. Neotropical forest migrants provide an opportunity to understand
how changes in the landscape can affect highly mobile species and how changes in the
population or distribution of those species can reﬂect subtle environmental impacts. My
research provides empirical data on patch-level habitat requirements for forest migrants,
and model-developed data on possible migration corridors across the eastern US. The
combination of these datasets will provide a unique perspective on the landscape. Migrant
birds use and evaluate habitats at a regional scale; their health and abundance may provide
one indicator of how forest habitat quality is changing.
Vulnerability implies the expectation of a future change in environmental
condition; ReVA is modeling this change in a number of ways. The ﬁrst part of the
program, to be completed in 2002, examines the impact of urban deve10pment by
projecting ﬁrture landcover change using a variety of established development models.

Using these models, we will create a variety of future scenarios incorporating land-use
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change resulting from: almost no development, realistic development, and rampant
development. We will then use the modeled landcover to reassess environmental
indicators, such as migrant stopovers, and to examine how different scenarios may
inﬂuence current and ﬁiture conservation and restoration efforts. This approach allows us
to highlight portions of the landscape where conservation and restoration may have a
positive effect regardless of the level of future development. As the program develops, we
also plan to model scenarios depicting climate change, the spread of invasive species,
changes in natural resource extraction (mining, forestry), and others. Our goal is to model
the interaction of many environmental change scenarios with many different measures of
environmental condition, to highlight meaningful interactions between resources and
stressors.
Impact of Communications Towers
Although there are historical records of tower kills going back to the 19508 (for a
review see Avery et al. 1980), the recent explosion in the number of communication
towers poses a different kind of threat to migrant birds. Locales that were historically
benign—offering little stopover habitat, yet posing no threat to airborne migrants—are

now having a substantial impact on migrants during their migratoryﬂights. This is a
signiﬁcant change in migratory habitat, and the US. Fish and Wildlife Service estimates
that over 4 million birds are killed by communications towers every year (Al Manville,
personal communication). We are faced with a challenge: the siting of towers in a way
that minimizes the impact to migrating birds.
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In collaboration with Adam Kelly—a radar omithologist with GeoMarine, Inc.—I
have submitted a proposal to the Federal Communications Tower Working Group
(CTWG) to study the overlapping geographic pattern of communications towers and

migration corridors. We will use the research presented in this dissertation to model
stopovers and ﬂyways east of the Mississippi, and information from the communications
industry to model current and potential tower locations, to then model the overlap

between the two where bird-tower interactions are likely to occur. This geographic
perspective is missing in current communications towers studies and is vital for
understanding how regional patterns may play a role in local tower-siting decisions. The
interaction between birds and towers can be minimized or exacerbated simply by changing
the spatial arrangement of the towers. We can provide the basis for integrating groundbased studies of bird/tower collisions, national studies of migratory bird movements, and
economic issues related to tower location and communications supply. Without this
overall view, different parts of the tower collision research may never come together to
form an accurate picture of the problem and offer possible solutions.
Future Research
Reﬁnements to Current Movement Models
As part of my ongoing research for ReVA, I will reﬁne the spatial scale and model

parameters of the pathway models presented in Chapter 4. In place of the hexagons used
in that analysis, I will develop a continuous surface of 100 km2 mapping units covering the
eastern United States from the Mississippi River to the Atlantic Ocean, embodying the
same habitat qualities used in Chapter 4 (forest density, percent agriculture, road density).
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Rather than a binary habitat representation, 1 will map all habitat conditions and use
differences in stopover habitat quality to dictate the length of the ensuing nightly ﬂight; to
represent differences in feeding, ﬂights beginning in high-quality habitats will be longer

than ﬂights beginning in lower-quality habitats.
In the models presented in this dissertation, success was measured simply by the
availability of a migratory corridor, no matter how many birds were expected to survive
along that corridor. I will model survival rates by placing a number of birds at each
starting point (say 1 million) and reducing that number at each sub-optimal stopover.
Different pathways will be assessed based on the number of modeled birds that
successfully reach the northern boundary of the study area. This approach will eliminate
‘pathways’ that appear to be successful, but in fact are poor corridors owing to
bottlenecks en route or a series of sub-optimal stopovers; it will also highlight pathways

with high survival rates. By allowing habitat condition to dictate ﬂight distances and
survival rates, I will create a more realistic View of the current migration landscape. This
advance is a logical next step from the preliminary exploration presented in this
dissertation.
Radar Studies ofMigration
Radar has been used in bird migration studies since the early 1960s; researchers
have studied fallout hotspots, migration intensity, ﬂight paths, and even wing-beat
patterns, with many studies here and abroad (Bruderer 1997). In the US, Sidney
Gauthreaux of Clemson University pioneered the use of radar to monitor the number of
migrants each year at stopovers along the Gulf Coast (Gauthreaux 1971); he has also
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done some preliminary habitat characterization using Landsat data at discrete coastal
locations (Gauthreaux, personal communication). The next step is to study regional
composites of radar images to look for landscape patterns of intensely used stopovers.
Radar enables researchers to study actual movements of migrating birds on the wing,
highlighting stopovers and migratory pathways between stopovers.
The National Weather Service has in place a nationwide network of its WSR—88D
(Weather Surveillance Radar 1988 with Doppler) stations, more commonly known as

NEXRAD (NEXt generation RADar), providing complete coverage of the continental
United States (Rinehart 1997). NEXRAD is much more sensitive to bird targets than
previous radar systems and includes a measure of target direction and velocity as well as
reﬂectivity (Rinehart 1997); in its most sensitive operating mode, it has even been used to
ﬁnd insect swarms and bats feeding on insects (Drake 1993; McCracken 1996). The
combination of signal strength and directional velocity isolates migrating birds from other
targets, highlighting ﬂocks of birds moving across the region.
Working with Adam Kelly of GeoMarine, Inc., I have been collecting radar images
of spring migration since 1999, archiving 15-minute interval images every night during

migration. We are currently reﬁning analysis techniques for this dataset, a daunting task
given the subtleties of radar data and the sheer number of images. Kelly’s work focuses
on automated techniques for separating biological target signals from weather target
signals. Automated analysis is key in developing a comprehensive dataset, unaffected by
human error, that can be updated every year using the same mathematical algorithm for
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identifying bird targets. This is a long term project, and we will continue to reﬁne our

techniques and compile yearly sets of radar images.
Call to Ornithologists, Ecologists, and Geographers
The research presented in this dissertation presents regional stopover patterns
meaningful to birds and highlights locations and habitat conditions that warrant a closer
look through long-term ﬁeld studies. First, we need to organize ongoing stopover habitat
studies in such a way that data collected at one site can be can be compared to data from
other sites across the landscape. Since most ornithological ﬁeld research follows standard
techniques, data on migrant numbers and physiological condition should be comparable

already; but we need to make sure we are gathering the same habitat information at
similar scales using similar methods. Coordination of migrant survey dates is also key, to
provide a regional snapshot of migration at many dates throughout the migratory season.
If studies at many locations can coordinate over many migration seasons, we may begin to

identify shifts in migration corridors—both long-term shifts that indicate habitat change
along the route and short-term shifts that highlight the inﬂuence of weather patterns.
New studies are needed at many different sites with various stopover conditions to
see how migrants respond to more subtle habitat variations within the stopover areas

identiﬁed in this research. Of primary interest is the connection between within-patch
measures of habitat quality and patch-level measures of landscape condition. As Hutto
(2000) notes, this connection is often uncoupled by human alteration of habitats, and
migrants using proximate cues of habitat quality may select poor stopovers. We need to
identify the kinds of disturbance that cause this disconnect, and map those conditions
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across the landscape to identify stopovers that appear suitable but are in fact population
sinks that attract migrants to unsuitable habitats. Studies that sample many stopovers will
help to reﬁne our understanding of regional migrant/habitat relationships and perhaps

identify synergistic relationships between habitat components that more effectively
describe local habitat condition within stopovers.
The techniques presented in this dissertation can be applied to other migratory bird
guilds, such as grassland species and raptors, and ultimately to other classes of migratory
animals. Key components of this research—quantiﬁcation of migratory habitats and
modeling of migratory behavior—can be applied to any migratory species. My approach
will work at other scales as well, particularly as local-scale datasets develop and coalesce
into broad-coverage geographic databases. My research has shown that we can proceed
with meaningﬁrl regional analyses based on abundance data collected over a relatively
short time period, as long as we keep the scale and objective of the study ﬁrmly in mind
and do not overstate our ﬁndings. I hope that this success will embolden other researchers
to complete studies at a similar scale both in North America and on other continents, so
that we may begin to study global patterns of migration and how those patterns are
shifting in light of global environmental changes. With ever-faster computers and the

growing availability of broad-scale datasets, it is an exciting time for regional, continental,
and global research.
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Figure 32: Site survey sheet.
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PERCENT COVER ES TIMA TES (for canopy and understory on page 1)
llll'Z.

M)" |

4‘

MIG RA T/ON CONDITIONS Estimate migration conditions for the survey day, based on conditions in other areas.
This estimate is a general measure of how many migrants were present in your region,
and can be based on your observation along the way to and from the site, and reporls from
other birders in your area. This is to provide some idea 'of regional migration conditions.
Example: Many birds present in other forest areas, with warblers and vireos most abundant.

COMMENTS

General comments about the study area (including overall forest health and condition), and general
comments about the number and speciesof birds seen (thisis in addition to your spades checklist). If this
is a patch that you have binded in previous years. note your impression of migration this year-more birds,
less birds, etc. Also, if the site has any special characteristics (old car dump, primary forest recent
subdivision) note this as well. Atlach addtional sheets if necessary.

Figure 32: Site survey sheet (continued).
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Figure 33: Instructions for site survey sheet.
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Use this chart to estimate %CanOpy cover
and % Low-vegetation cover on page 1.

PERCENT COVER ES TIMA TES (for canopy and understory on page 1)
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Figure 33: Instructions for site survey sheet (continued).
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